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Lithium aluminate (LiAlO2) has been commonly used as an electrolyte matrix support
material in molten carbonate fuel cells (MCFCs). During the prolonged operation of the fuel
cells, LiAlO2 has two allotropic structural forms namely α-LiAlO2 and γ-LiAlO2 based on
chemical and environmental exposure conditions. The phase transformation phenomena and the
resulting growth of the particles could lead to detrimental changes in the particle size and pore
size distribution in the matrix causing electrochemical performance degradation of the cell. To
prevent such performance degradation, it is of interest and importance to develop fundamental
understanding of how the gas environment, temperature, crystal structure and solubility of the
matrix material in the molten electrolyte influence the particle coarsening, phase transformation,
and crystal structure of LiAlO2.
The research thesis describes the technical findings related to the solid-liquid-gas
interactions at the exposed LiAlO2 solid powders, and develops an understanding of the
processes responsible for changes in the crystal structure, solubility and surface morphology
under simulated fuel and oxidant gas atmospheres of MCFC. Findings form the experimental and
theoretical studies performed during the course of the study include:

Su Jeong Heo – University of Connecticut, 2018

• The crystal growth of LiAlO2 is accelerated under basic conditions representing lower PCO2
by Ostwald Ripening, where dissolution and nucleation contributes to continued precipitation
of dissolved species on larger particles to promote further growth with time.
• The crystal growth process is accompanied by the phase transformation from rhombohedral
LiAlO2 to tetragonal LiAlO2 through intermediate phase of orthorhombic Li5AlO4.
• Under acidic conditions representing higher PCO2, oriented attachment allows crystals to grow
by atomic rearrangement until the crystallographic orientation of two or more crystals match
or until a twin match.
• Combined electron microscopy analysis and density functional theory (DFT) studies revealed
that the stabilization of (101) surfaces of the tetragonal LiAlO2 under hydrogen-rich
conditions results in the growth of bipyramidical particles.
The understanding the mechanism of crystal growth and phase transformation provides a new
approach to the design of electrolyte matrix in molten carbonate fuel cell system.
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CHAPTER 1.

1.1

INTRODUCTION

Fuel Cell Background
Global drive for a sustainable energy vision requires a reduction in the global

anthropogenic carbon dioxide emissions, improvement of the local air quality, and assurance for
the security of energy supply for economic prosperity. The main sources of CO2 emissions are
the combustion of fossil fuels (oil, coal, and natural gas) for energy and transportation. Carbon
dioxide is constantly being exchanged among the atmosphere, ocean, and land surface as it is
both produced and absorbed by many microorganisms, plants, and animals. However, emissions
and removal of CO2 by these natural processes need to balance. Since the industrial revolution
began around 1750, human activities have contributed substantially to climate change by adding
CO2 and other heat-trapping gases to the atmosphere. Between 1990 and 2016, the increase in
CO2 emissions corresponded with increased energy use by an expanding economy and
population and an overall growth in emissions from electricity generation [1].
Many strategies for reducing CO2 emissions from energy are being developed and applied
to homes, businesses, industry, and transportation. Carbon dioxide capture and sequestration is a
set of technologies that can potentially greatly reduce CO2 emission from new and existing coaland gas-fired power plants, industrial processes, and other stationary sources of CO2. Hydrogen
is an attractive alternative to carbon-based fuels. Part of its attraction is that it can be produced
from diverse resources, both renewable (hydro, wind, solar, biomass, geothermal) and nonrenewable (coal, natural gas, nuclear). Hydrogen can then be utilized in high-efficiency power
generation systems, including fuel cells, for both automotive transportation and distributed
electricity generation. Fuel cells convert hydrogen or a hydrogen-rich fuel and an oxidant (pure
1

oxygen or oxygen from air) directly into electricity using an electrochemical process. Because of
these high efficiency, and low to no CO2 emissions characteristics, fuel cells have the potential to
become major factors in catalyzing the transition to a future sustainable energy system [2].
There are four primary types of fuel cells that are used for stationary combined heat and
power (CHP) applications. These include phosphoric acid (PAFC), molten carbonate (MCFC),
solid oxide (SOFC), and proton exchange membrane (PEMFC). Two additional primary fuel cell,
direct methanol (DMFC) and alkaline (AFC) are used in transportation and non-stationary fuel
cell applications. Among many different types of fuel cells currently being developed, Molten
Carbonate Fuel Cells (MCFCs) offer rich potential in these terms as a forward-looking and
highly flexible way to reduce CO2 emissions providing more efficient, cleaner, greener energy
source, which can make use of both fossil and renewable fuel sources [3]. MCFCs are already
commercially available in the size of hundreds of kilowatts to multi megawatts. This power
range has the capability of both increasing decentralization of energy supply (e.g. localized
power generation) and for high-quality power distribution across the grid [4]. Although 40,000 –
50,000 hrs of operation have been demonstrated with MW class MCFCs, further enhancements
in operating life time and cell performance stability are considered important for accelerating
large scale commercialization and global market penetration. Towards that end, the porous
electrolyte matrix, which acts as an electrolyte retainer, has been considered as one of the most
critical stack component impacting cell life and performance. During operation, continuous
particle coarsening and structural changes could result in reduced capability of electrolyte
retention, faster electrolyte loss and increased gas crossover [5]. Therefore, it is of interest and
importance to develop and validate the mechanistic understanding of various degradation
processes associated with long term cell, stack and system operation.

2

1.2

Molten Carbonate Fuel Cell

1.2.1 Working Principle
The MCFC operates at approximately 650°C (550 – 700 °C range) where the alkali
molten carbonate mixtures, consisting of a binary or ternary mixture of lithium sodium and/or
potassium carbonate, form a highly conductive electrolyte with carbonate ions (CO32-) providing
ionic conduction. The chemistry and electrochemistry of molten carbonate mixtures play an
essential role in the successful performance of MCFCs. At the operating temperature of MCFC,
the electrolyte in this fuel cell is usually retained in a ceramic matrix of LiAlO2 [6]. Nickel
(anode) and nickel oxide (cathode) are adequate to promote such electrochemical reactions.
At the anode, hydrogen reacts with the ions to produce water, carbon dioxide, and
electrons by oxidation;
𝐻2 + 𝐶𝑂32− → 𝐻2 𝑂 + 𝐶𝑂2 + 2𝑒 −

(1.1)

One of the advantages of MCFC compared to other fuel cells is that the required reactant is not
limited to hydrogen. Carbon monoxide can be also oxidized through the following reaction at the
anode;
CO + 𝐶𝑂32− → 2𝐶𝑂2 + 2𝑒 −

(1.2)

At the cathode, oxygen from air and carbon dioxide recycled from the anode react with electrons
to form CO32- ions by reduction;
1⁄ 𝑂 + 𝐶𝑂 + 2𝑒 − → 𝐶𝑂2−
2
3
2 2
The overall cell reaction (when hydrogen is used in the anode) is

3

(1.3)

𝐻2 + 1⁄2 𝑂2 + 𝐶𝑂2 (𝑐𝑎𝑡ℎ𝑜𝑑𝑒) → 𝐻2 𝑂 + 𝐶𝑂2 (𝑎𝑛𝑜𝑑𝑒)

(1.4)

Besides the reaction involving H2 and O2 to produce H2O, Equation 1.4 shows a transfer of CO2
from the cathode gas stream to the anode gas stream via the CO32- ion.
MCFCs operating at high temperature can extract hydrogen from a variety of fuels such
as natural gas, biogas, and syngas from coal or waste. By using either an internal or external
reformer, methane and carbon monoxide could be used to produce hydrogen and carbon dioxide.
These reactions are the steam reforming reaction and the water-gas shift reaction,
𝐶𝐻4 + 𝐻2 𝑂 → 𝐶𝑂 + 3𝐻2

(1.5)

𝐶𝑂 + 𝐻2 𝑂 → 𝐶𝑂2 + 𝐻2

(1.6)

A typical MCFC schematic is seen in Figure 1.1.

Figure 1.1. A schematic representation of the principle of MCFC.
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1.2.2 MCFC Applications
MCFCs demand relatively higher operating temperature (650 ºC) and are most commonly
used in large terrestrial stationary power generation. Most MW scale MCFC power plants
operate as operate as combined heat and power (CHP) and combined cooling and power (CCP)
plants. These fuel cells can independently operate up to 60% efficiency for direct fuel to
electricity conversion, but can achieve overall efficiencies over 80% in CHP or CCP application
where the process heat is also utilized. In this application, waste heat can be used in steam
turbines to generate more electricity, or in industrial processing including food processing,
hospitals, hotels, manufacturing, universities, and utilities.
Recently, the MCFC has been considered for CO2 separation from combustion gas. To
address the problem about climate change resulting from the emission of CO2, carbon capture
and storage (CCS) is probably the most effective means to meet greenhouse gas emission
mitigation. The MCFC can take combustion gas as a feed on the cathode side and separate CO 2
from the flue gas. Electricity is produced by the charged ions (CO32-), converted from CO2 at the
cathode side and the CO2 is concentrated at the anode side for capture. The captured CO2 can be
used for natural gas combined cycles, gasification-based cycles, gas turbines, coal fired steam
cycles, and cement plants [7].Figure 1.2 shows how the fuel cell can operate, draining CO2 from
the cathode inlet system, after receiving the flue gases of a conventional power plant. In this way
the fuel cell operates with a post-combustion approach, although also oxidizing a minor portion
of additional fuel. The gas turbine flue gases feed the cathode of a MCFC, which acts as an
active CO2 concentrator transferring CO2 from the cathode to anode side, while generating power
at very high efficiency [8].
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Figure 1.2. CO2 capture concept using MCFC system.

Another application of this CO2 capture process is in the cement production. This process
produces large CO2 emission during the calcination reaction for the process of the decomposition
of limestone. Also it is necessary for sustaining the endothermic calcination process to fuel
combustion. Thus, the technology of MCFC is able to capture the CO2 emission from the plant
exhaust gases, using the fuel cells as active CO2 concentrators of combustion flue gases and
ultimately obtaining a purified CO2 stream via a cryogenic process.[9]
MCFC system can also be used as a CHHP (Combined Heat, Hydrogen and Power)
system. Pure hydrogen could be obtained from the MCFC anode outlet using appropriate
adsorption or separation systems. Hydrogen is used for storing excess renewable power, grid
stabilization, and providing a zero-local-emissions fuel for fuel cell electric vehicles [3].
Recently, MCFCs have been also developed as an alternative power supply for ships. The
fuel cell provides cleaner power with no pollution of marine diesel engines which are the
conventional power generation source in the vast majority of the world’s ships. Moreover, it has
potential to be a breakthrough technology that could reduce thermal in situ oil sand facilities
through steam generator.
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1.2.3 Issues in MCFC Technology
Much research in recent years related to MCFCs has been related to the development of
components to enhance durability. These studies are summarized in Table 1.1. While the current
state of MCFCs function properly in cell system at atmospheric pressure, research has been
carried out to develop alternate cathode materials and electrolytes, and performance
improvement, to extend life beyond the commercialization goal of 10 years with cost reduction
[10]. These studies provide updated information on the promising materials for electrodes, the
electrolyte matrix, and the capability of the cell to tolerate trace contaminants in the fuel supply.
Table 1.1. Issues in MCFC technology [11]

Component
Electrolyte

Matrix

Cathode

Issues
Loss due to volatilization
Loss due to filling inside the
electrodes
Loss due to reaction with the
separator plate

Results
Decrease in the conductivity
Increase in the resistivity of the layer
Decrease in the cell voltage
Increase in the polarization of
electrodes
Changes in the microstructure
Increase in the ionic resistivity
Decrease in the cell voltage

Particle growth
Stability and crack formation
Dissolution of LiAlO2 in the
electrolyte
Phase transformation
Dissolution of NiO cathode

Decrease in the cell life
Deformation at the separator ribs, Ni
shorting
Cathode shrinkage
Change in the microstructure
Changes in the electrocatalytic activity
Increase in the polarization due to
increase in the electronic resistivity of
the electrode
Change in the pore structure, gas leak
through the edges, poor strength
Forms a BBP layer
Increase in the polarization due to
increase in the area of the electrode

Cathode stability
Electro-catalytic activity
Extent of electrolyte filling

Anode

Anode sintering
Anode deformation and creep
Extent of electrolyte filling
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1.3

State-of-the-art of MCFC materials
The first MCFC was constructed in 1921 and the development of this cell was initiated in

1960s in the Netherlands and used a nickel anode, a silver cathode and the ternary eutectic
Li2CO3-Na2CO3-K2CO3, impregnated in a porous sintered disk of MgO as the electrolyte [12]. In
the 1960s, electrode materials were precious metals, but the technology evolved to the use of Nibased alloys at the anode and oxide at the cathode. The LiAlO2 has also been introduced as a
new electrolyte support, a stable and insoluble material in molten carbonate, allowed the
significant increase in MCFC lifetime (12,000 hours) compared to the initially developed MgO
support (1,000 hours). A major development in the 1980s was the evolution in the technology for
fabrication of electrolyte structures. Developments in cell components for MCFCs have been
reviewed by Selman [13], Petri et al. [14], and Maru et al. [15,16]. Over the past 20 years, the
performance and endurance of MCFC has significantly improved from approximately 10
mW/cm2 to greater than 150 mW/cm2 [17]. Current generations of full-scale stacks fabricated by
FuelCell Energy, Inc. (Danbury, CT, U.S.A.) produces 350 kW rated stack power and 5 years
stack service life [18].
1.3.1 Electrolyte
The electrolyte typically consists of an alkali molten carbonate mixture retained in a ceramic
matrix of LiAlO2. The cell operates at 650°C (550 – 700 °C range) in order to keep the alkali
carbonates in a highly conductive molten salt form, with the carbonate ions (CO32-) providing
ionic conduction. Since the carbonates decompose to oxide and CO2 at high temperature and low
partial pressure of carbon dioxide, the study on thermal stability of carbonates is important for
the successful performance of MCFCs. Figure 1.319 shows the decomposition of various
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carbonates as functions of temperature and partial pressure of carbon dioxide. From this data,
Na2CO3 and K2CO3 are the most stable alkali carbonates and leading to alkali molten carbonate
eutectic, Li2CO3-Na2CO3 (52-48 mol.%) having used as the electrolyte in the MCFC.

Figure 1.3. Decomposition of various carbonates as functions of temperature and PCO2 [19].

However, the dissolution of the NiO cathode into the electrolyte should also be considered as
another major factor in the degradation of cell performance and shortened cell life [20]. Thus, it
has been reported that using a Li/Na carbonate mixture would provide a longer life-time because
solubility of NiO in Li/Na is lower than that in Li/K carbonates. Moreover, the ionic conductivity
of Li/Na is higher than that of Li/K [21].
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Figure 1.4. Performance of a 10-kW MCFC stack [22].

Figure 1.4 shows the performance of a 10-kW MCFC stack with Li/Na and Li/K
carbonate electrolytes [22]. Both Li/K and Li/Na cells exhibited stable performance through
1400 hrs. However, the cell voltage of Li/K cells began to drop after 1400 hrs while the shorting
current density began to increase gradually at 1400 hrs, indicative of NiO cathode dissolution.
Thus, the mixture is replaced by Li2CO3-Na2CO3 (52-48 mol%) in the second generation MCFC
which showed more stability, resulting in the possibility of developing a high-efficiency MCFC
plant system combined with a gas turbine and a new prospect for the application of MCFC [23].
Recently some authors suggested the improvement of their properties by introducing
some additive species, such as Cs or Rb. The addition of Cs or Rb carbonate have displayed
internal resistance-compensated total cell potentials with significantly less temperature
dependence than the other electrolytes. It has been reported that experiments with the addition of
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Cs carbonate show higher cell potentials, and lower cathode and anode overpotentials than usual
carbonate eutectics (Li/K or Li/Na) below 550°C, thus, it would be advantageous if the fuel cell
could be operated at below 600°C [24, 25]. Although they have a beneficial effect by increasing
the basicity and reducing the NiO solubility, these amounts need to be optimized to avoid an
important decrease in the cell performance.
1.3.2 Electrolyte Matrix
The porous electrolyte matrix has been considered as one of the most critical stack
components impacting cell life and performance. The carbonate electrolyte is tightly supported
by a porous ceramic constituent material with the particles of approximately 0.1μm, which is
isolating, chemically inert and insoluble in the electrolyte. Lithium aluminate (LiAlO2) is the
current state-of-the-art material in the electrolyte matrix. It effectively retains the liquid
electrolyte at an appropriate level and prevents gas crossover with a sufficiently fine pore
structure stability [26, 27]. The LiAlO2 matrix is required to have high porosity (50 – 70%) and a
narrow pore size distribution (0.1 – 0.3 μm) to hold the molten carbonate electrolyte by means of
capillary force [ 28]. Generally, the matrix is manufactured as a thin plate by tape casting
containing with 55 wt. % of lithium aluminate and 45 wt. % of carbonate melt. About 70 % of
the ohmic resistance of the cell is due to this matrix, thus, it is necessary to optimize its thickness
[12].
Earlier literature considered γ-LiAlO2 as stable electrolyte matrix in MCFC due to its
high corrosion resistance to the molten carbonate electrolyte [29, 30]. Recent studies, however,
reveal its instability resulting in accelerated electrolyte loss and cell failure during long-term cell
operation [28]. Recent research focuses on the use of α-LiAlO2 as a more stable matrix support
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material for current commercial MCFC development [31]. Fundamental understanding of the
structural stability is, however, needed for designing cell matrix to achieve durability for over its
10 year service life. Here, the α- to γ-LiAlO2 phase transformation accompanying particle
coarsening, while exposed to MCFC environment, remains as one of the important process
causing in-cell electrolyte depletion in MCFC because of a substantial difference in the density
leading to changes in the pore size distribution of the matrix. The detailed LiAlO2 stability will
be discussed in the next section.
While LiAlO2 has its own distinct advantages and characteristics, alternate electrolyte
support materials have also been studied. CeO2 and Ce2O3 are considered to be an alternative
matrix material to substitute α-LiAlO2. It is well known that CeO2 is the thermodynamically
stable cerium species in molten Li2CO3-Na2CO3 under anode and cathode conditions, but a
partially solubility and deposition at the electrode surface of Ce2O3 can be predicted [32].
1.3.3 Cathode
MCFCs use a porous gas diffusion cathode, which is porous structure allowing extensive
contact between reactant gases, molten electrolyte and the electronically conducting electrode
material. Therefore, the MCFC cathode is required to have a high electrical conductivity, a low
solubility in the molten carbonates and a high corrosion resistance against the corrosive molten
carbonate and oxidizing environment. Typical state-of-the-art MCFC cathodes are made of
lithiated NiO owing to good electrocatalytic activity and electronic conductivity at the operation
conditions.
The lithiated NiO cathode typically has a porosity of 70 – 80% and a pore size of 6 – 10
μm in the initial structure as metallic Ni. When nickel is in contact with the molten carbonate
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under an oxidizing atmosphere, the lithiation and oxidation occur spontaneously during initial
cell operation and the cathode microstructure changes. The porosity decreases to 55 – 65% with
a pore size reduction down to 5 – 7 μm. Further, micropores with less than 1 μm are formed and
it provides an extended reaction surface and a cross-sectional area for the ionic conduction path.
NiO dissolution is one of the crucial factors which impact MCFC performance. NiO
dissolution increases as the oxoacidity or/and the potassium content of the melt increases. Under
high pressure operation conditions, the NiO cathode material, (which reacts with CO2), is
subjected to dissolution into carbonate melt when it is in contact with the carbonate electrolyte.
The dissolved Ni cations are then transported towards the anode side and reduced to Ni metal by
the reacting with crossover hydrogen from anode. This can lead to Ni metal deposited between
the electrodes, creating an internal short circuit [33]. The situation can be summarized as follows.
The acidic dissolution mechanism can be generated as follows:
NiO + CO2 → Ni2+ + CO32-

(1.7)

The dissolved Ni ions diffuse under a concentration gradient towards the anode side through the
electrolyte-matrix structure. The diffusing Ni ions are reduced to metallic Ni by reacting with
hydrogen:
Ni2+ + CO32- + H2 → Ni + CO2 + H2O

(1.8)

In basic conditions, different dissolution products can be generated.
NiO + M2O → M2NiO2

(1.9)

With M = Li, Na, K. The reduced metallic Ni precipitates in the electrolyte structure, resulting in
a loss of cathode mass with a reduction of the surface area available for electrochemical oxygen
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reduction and eventually cause of short-circuiting of the cell. Therefore, reducing the solubility
of NiO is important to prevent Ni shorting.
Various ways to reduce the NiO solubility have been investigated [34,35]. It has been
reported that the solubility of NiO decreases when alkaline earth metals additives are
incorporated into the molten carbonate electrolyte. Figure 1.5 [36, 37] shows the NiO solubility
in the molten carbonates with and without these additives as a function of the PCO2 at 650ºC. The
results indicate that NiO solubility with lanthanum (La) additives in the molten carbonate is
significantly reduced compared to baseline molten carbonates that which were additive free. The
solubility curve of NiO with the La additives was shifted to the high PCO2 region as compared to
those that were additive free. These results indicated that the molten carbonates might become
more basic by adding the La additive.

.
Figure 1.5. Solubility of NiO in molten carbonate with and without La additives as a function of
PCO2 at 650ºC [36,37]
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Other cathode materials such as LiCoO2, Li2MnO3, and LiFeO2, and are considered to as
alternative cathode materials to substitute NiO. It has been reported that Li2MnO3 and LiFeO2
have low solubility in the melt and do not precipitate as metal in the matrix [38]. But, their
principal drawback is reduced cell performance. It has been also reported that LiCoO2
dissolution rate is about half lower than that of NiO in cathode gas conditions [39]. However,
LiCoO2 also can deposit as metallic cobalt in the matrix but with smaller amounts than nickel.
Moreover, LiCoO2 electrochemical performance is slightly lower than that of NiO.
1.3.4 Anode
The anode material currently consists of a porous Ni alloyed with aluminum and/or
chromium (2-10 wt% range). The additions of Al and Cr allow the formation of LiCrO2 and
LiAlO2 at grain boundaries, resulting in reduction of sintering of the anode material and an
increase in creep resistance. The primary function of the anode is to serve in an electrocatalytic
role and thus its stability in an MCFC system is important. To avoid mechanical stress and
cracking under stack compressive load during operation, the anode also requires mechanical
strength. The general features of the sintered nickel tile are 0.2-0.8 mm thick and have a porosity
of 45 to 70% (surface area: 0.1-1 m2/g) with pore diameter of 3-5μm.
Although the addition of Cr prevents creep, the formation of a surface layer of LiCrO2
also decreases the wettability of molten carbonates and changes the anode surface characteristics.
Other promising additives, (alumina doped CeO2 and LiFeO2) have been considered for anode
protection. However, optimization is still required to obtain the performance of the Ni-Cr anode.
The anode also plays the role of an electrolyte reservoir and gas barrier. Since the
electrolytic process at the anode is independent of the electrolyte filling degree, the electrode
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allows compensating electrolyte losses in the matrix during operation. In order to avoid a rapid
flow from the anode to the matrix, a thin layer of porous Ni-NiAlO2 is formed at the anode
interface to prevent electrolyte loss. This layer also acts as a barrier preventing gas cross-over
[12].
1.4

Lithium Aluminate (LiAlO2)
The lithium aluminate (LiAlO2) has been extensively used for over three decades as the

state-of-the-art ceramic constituent material of the electrolyte matrix in MCFC stacks for
stationary power generation. It effectively retains the liquid electrolyte and prevents gas
crossover with sufficient fine-pore structural stability [26]. LiAlO2 exists in two different
allotropic forms: the hexagonal α-LiAlO2 and tetragonal γ- LiAlO2 in molten carbonates. Particle
coarsening accompanied by phase transformation in electrolyte causes in-cell electrolyte
depletion and migration due to the difference in pore size and density [40]. Therefore, studies on
its synthesis method, crystal structure, and stability are essential to understand the performance
degradation of MCFCs.
1.4.1 Synthesis and Matrix Fabrication
A number of synthesis processes consisting of conventional solid state reactions, sol gel
processing, co-precipitation and combustion synthesis have been extensively used for the
preparation of LiAlO2 powder. Solid state synthesis was reported to lead to the formation of a
mixture of LiOH and a lithium dialuminate that also required high processing temperature in the
range of 370°C to 1000°C [41,42]. The process was found inadequate for the synthesis of pure
lithium aluminate with controlled size and morphology due to partial evaporation of lithium at
higher temperature and contamination from grinding operations [43]. Sol-gel technique has been
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used for preparation of LiAlO2 utilizing the hydrolysis of lithium and aluminum alkoxide,
followed by calcination at temperature of 550°C producing γ-LiAlO2 [ 44 ]. The technique
however has limitations related to the instability of precursors, precise control of reaction steps
and use of expensive reactants. Use of co-precipitation technique provided pure γ-LiAlO2 in the
presence of nonionic surfactant with calcination at 950°C [43]. The combustion synthesis
technique with the use of glycine nitrate urea reactants was likewise found suitable for γ-LiAlO2
synthesis [ 45 , 46 ]. The α-LiAlO2 phase has been synthesized using oxide and molten-salt
precursors. In this process, a mixture of Li2CO3 and Al (OH)3 was dried at 60ºC for 24 hours
followed by heat-treatment at 650ºC for 24 hours in a 100% CO2 atmosphere. The final powders
were prepared by eliminating the residual molten carbonate with a washing solution. [ 47].
Formation of lithium aluminum oxide hydrate, LiOH·2Al (OH) 3·2H2O (or LiAl2 (OH)7·2H2O)
during powder synthesis was found to transform easily to γ-LiAlO2 during exposure to nitrogen
atmosphere at elevated temperatures [44].
One of the most important key characteristics of the matrix is its mechanical strength.
The matrix is required to have a porosity of 50-60% and a pore size of <1μm using micro-sized
ceramic powders (mainly LiAlO2). The matrix is also required to remain appreciably crack-free
to provide perfect gas sealing properties during MCFC operation. The matrix will be exposed to
both mechanical and thermal stresses, especially in the initial start-up of the MCFC operation
due to the difference between the thermal expansion coefficients of the LiAlO2 powders (~ 10 ×
10-6/C°) and the solid carbonate electrolyte (~ 20 × 10-6/C°). This difference of thermal
expansion create significant compressive stress on the LiAlO2 particles and tensile stress on the
carbonates during cooling, eventually leading to cracking of the matrix during thermal cycling.
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The cracking of the matrix is the major cause of the gas crossover and leakage, and consequently
poor power generation efficiency [26].
The matrix for the MCFC is generally fabricated through tape casting using non-aqueous
slurry consisting of an organic solvent and ceramic powder. In the first step, the LiAlO2 powder
is mixed with dispersant medium and organic solvent such as ethyl alcohol instead of water due
to the high reactivity of powder with water. The components are mixed for 24 hours through the
ball milling process. And then, polyvinyl butyral (PVB) as a binder and polyethylene glycol or
dibutylphtalate as a plasticizer are sequentially mixed with defoamer via the ball milling process.
In order to produce a film that can resist migration and is strong and flexible enough after drying,
a high-molecular weight binder should satisfy these characteristics [48]. After de-airing, tape
casting is being performed to produce green sheets. Overall process flow chart is presented in
Figure 1.6.

Figure 1.6. Typical process flow chart for tape casting

As mentioned earlier, the porosity of matrix is a key factor for MCFC performance. It is
known that the uniform and abundant micro-pores required for the diffusion of oxygen strongly
depend on the complete burn of PVB or organic additives because a residual carbon may inhibit
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the sintering. Thus, the thermal decomposition and elimination of the binder are important
factors toward long-term MCFC stability [ 49]. To address this, Seo et al. [ 50 ] suggested
lowering the decomposition temperature with the addition of water vapor for the burn out of
PVB.
The slurry composition also strongly influences the porosity and also pore size
distribution of the matrix. Batra et al. [51] have reported that in different ceramic contents (42,
50, 54 wt.%) the 54 wt.% sample has mostly submicron pores in the range of 0.1-1μm, while the
42 wt.% sample has a bimodal distribution with pores in the sub-micron (0.07-0.6 μm) and
micron (2-6 μm) range. The larger pores (>2 μm) could result from volatilization of a larger
amount of organic additives.
1.4.2 Crystal Structure

̅m) α-LiAlO2 and (b) Tetragonal
Figure 1.7. The LiAlO2 crystal structure (a) Rhombohedral (R𝟑
(P41212) γ-LiAlO2

The crystal structure of α-LiAlO2 (Figure 1.7 a) has R3̅m space group and it belongs to
the rhombohedral lattice system in hexagonal crystal family with one 3-fold axis of rotation [52].
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The unit cell parameters are a = b = 2.8003 Å, c = 14.216 Å, α = β = 90°, and γ = 120° [53]. The
α-LiAlO2 is built up from alternating layers of condensed LiO6 and AlO6 octahedron. Lithium,
aluminum, and oxygen atoms occupy the Wyckoff crystallographic positions 3a (0,0,0), 3b
(0,0,0.5), and 6c (0,0, 0.2375), respectively. The lattice parameters, bond distances, and the
nonequivalent internal atomic positions are summarized in Table 1.2.
Table 1.2. Crystal structural parameters of α-LiAlO2 and γ-LiAlO2 [54]
α-LiAlO2
̅m (no. 166)
R𝟑

γ-LiAlO2

a (Å)

2.8003

5.1687

c (Å)

14.2160

6.2679

α = β = γ ≠ 90˚

α = β = γ = 90˚

Parameters
Space group
Lattice parameters

Lattice angle

𝑷𝟒𝟏 𝟐𝟏 𝟐 (no. 92)

Unit cell volume

Å3

95.542

171.376

Nearest bond distances

Al-O

1.903

1.755

Li-O

2.119

2.058

Wyckoff position

Li

3a (0,0,0)

4a (0.8126, 0.8126, 0)

(x, y, z)

Al

3b (0,0,1/2)

4a (0.1759, 0.1759, 0)

O

6c (0,0,0.2375)

8b (0.3369, 0.2906, 0.7723)

A number of materials with the R3̅𝑚 structure, such as LiCoO2, LiNiO2, NaMnO2 have
been reported for use as cathode materials in rechargeable batteries because of their high energy
density and high reversible capacity [55-57]. Recently, α-LiAlO2 has been demonstrated to
enhance the electrochemical performance of electrodes in lithium-ion batteries because it
improves discharge rate capability and provides excellent cycling performance [58,59].
Besides the rhombohedral α-LiAlO2, a tetragonal γ-polymorph is known to exist in
crystal structure forming a three-dimensional network of distorted LiO4 and AlO4 tetrahedron
with the 𝑃41 21 2 space symmetry. The lattice parameters are a = b = 5.1687 Å, c = 6.2679 Å, α =
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β = γ = 90° [60]. Lithium, aluminum, and oxygen atoms occupy the Wyckoff crystallographic
positions 4a (0.8126, 0.8126, 0), 4a (0.1759, 0.1759, 0) and 8b (0.3369, 0.2906, 0.7723),
respectively.
The γ-LiAlO2 has been extensively explored for applications as an electrode coating for
lithium ion batteries [61], as a substrate material for epitaxial growth of III-V semiconductors
[62], and a tritium-breeder material in fusion reactors [ 63,64]. The existence of the third
allotropic form, β-LiAlO2 is further found, where Al would show a mixed, both octahedral (αphase) and tetrahedral (γ-phase) coordination. The lattice parameters of the monoclinic β-LiAlO2
are a = 8.147 Å, b = 7.941 Å, c = 6.303 Å [65].
1.4.3 LiAlO2 Stability in Molten Carbonate
LiAlO2 undergoes allotropic transformations and particle coarsening in molten carbonate
under cell operation conditions. Given that there is a substantial difference in the density
between α-LiAlO2 (ρ=3.4 g cm-3) and γ-LiAlO2 (ρ=2.6 g cm-3), the phase transformation results
in a change in the pore size distribution of the matrix. The stability limits of LiAlO2 phases
through phase equilibrium diagram have been reported by Byker et al [66], where the stable
crystal structure was determined by temperature and pressures under an air atmosphere
conditions. According to the report, a temperature of 650°C gives a stable γ-LiAlO2 phase at
atmospheric pressure, which is typical operating condition of MCFC. γ- to α-LiAlO2 phase
transformation could take place at 900°C only under high pressure of 35 kbar [53]. Therefore,
earlier literature [29, 67] considered γ-LiAlO2 as stable electrolyte matrix in MCFC operating
temperature. However, more recent studies reveal its instability during long-term cell operation.
After long term MCFC operation, high concentrations of α-LiAlO2 phase have been found in the
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electrolyte matrix fabricated in the γ-LiAlO2 phase, with particle coarsening observed, resulting
in accelerated electrolyte loss and cell failure during long-term cell operation [28]. Since then,
many studies focus on the use of α-LiAlO2 as a more stable matrix support material for current
commercial MCFC development [31]. The α-LiAlO2 particles were stable in an air atmosphere at
650 °C in molten Li/Na carbonate [ 68 ]. However, real MCFC systems operate under
significantly different atmospheres, with both fuel composition comprised of hydrogen, carbon
dioxide, and water at the anode and oxidant composition consisting of oxygen, carbon dioxide,
nitrogen, and water in the cathode, which has not yet been studied.
Figure 1.8 shows SEM images of α-LiAlO2 matrix after a single cell operation for 4700 h
at 650°C under 73% H2-18% CO2-9% H2O fuel atmosphere and 12% O2-19% CO2-66% N2-3%
H2O oxidant atmosphere. LiAlO2 particle coarsening has been observed in the anode while it
remains stable in cathode. This indicates the stability of α-LiAlO2 influences the gas composition
such as oxidizing and reducing atmospheres.
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Figure 1.8. SEM image of LiAlO2 particle size distribution from cathode to anode side after single
cell operation

Figure 1.9. Effect of temperature and PCO2 on solubility of LiAlO2 in Li/Na carbonates [69].

It has also been known that the particle coarsening of LiAlO2 is related to its solubility.
The LiAlO2 solubility is dependent on temperature, electrolyte composition, and the partial
pressure of carbon dioxide [69]. The effect of temperature and partial pressure of carbon dioxide
on LiAlO2 solubility in Li/Na carbonates is shown in Figure 1.9. The solubility increases with
temperature and lower PCO2.
The lower partial pressure of carbon dioxide gives rise to increasing the concentration of
O2- in acid-base equilibrium of molten carbonates (1.10) and the LiAlO2 tends to be dissociated
into Li+ and meta-aluminate ion (AlO33-), (1.11) which results in the increase in solubility of
LiAlO2 as the basicity become higher.
M2CO3 → 2M+ + O2- + CO2

(1.10)

LiAlO2 + O2- → Li+ + AlO33-

(1.11)
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The atoms or ions released redeposit at larger particles, which accelerates crystal growth by
dissolution and deposition mechanism.
As mentioned earlier, sufficient LiAlO2 stability under MCFC operating environment is
essential to maintaining long-term electrolyte retention for cell resistance and performance
stability. Although the role of electrolyte chemistry and gas constituents have been reported in
the literature as indicated above, detailed LiAlO2 structural stability and understanding of
particle coarsening and phase transformation mechanisms remain unclear.
1.5

Motivation and Objective
Fuel cell technologies are one of the most promising alternatives for the conversion of

chemical energy to electrical energy with high efficiency with environmental friendliness.
Currently, there is a significant interest in research and optimization of fuel cell systems to
improve long term performance, stability, and reliability at reduced cost. Although 40,00050,000 hours of operation of MCFC systems has been demonstrated at MW class, further
enhancements in operating life time and electrical performance stability are considered to be
important for accelerated large scale commercialization and global market penetration.
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Figure 1.10. Motivation of this dissertation – LiAlO2 particle coarsening and phase transformation.

This study concentrates on evaluating the stability of the LiAlO2, which acts as an electrolyte
matrix and retainer in MCFC systems. LiAlO2 matrix has been considered as one of the most
critical components impacting cell life and performance as its continued coarsening, particle
growth and structural changes could cause electrolyte loss and, leading to degraded cell
performance. In this work, our goal is to understand how the exposure gas environment,
temperature, and solubility influence particle coarsening, phase transformation, particle shape,
and facet-affected crystal growth of LiAlO2. To achieve this goal, the tasks with specific
objectives are as follows:
1. Understand the stability of baseline LiAlO2 powder
•

Structural and chemical stability of LiAlO2 in reducing and oxidizing atmospheres

•

Fundamental understandings of the effect of crystalline structure and surface composition on
stability
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2. Examine the role of exposure atmospheres and temperatures on particle coarsening and phase
transformation
•

Phase transformation and particle coarsening behavior of α-LiAlO2 under high and low
PO2 and PCO2 atmospheres at 650 °C and 750 °C.

•

Mechanistic understanding of crystalline structure formation, morphology evolution and
their role on thermal stability

3. Study the crystal growth of LiAlO2 particles by Ostwald ripening and oriented attachment in
molten carbonate
•

Effect of LiAlO2 particle size and phase transformation on the solubility

•

Experimental observation of Ostwald Ripening and oriented attachment

•

Understanding dissolution-precipitation behavior of LiAlO2 in molten carbonate

4. Combine experimental and theoretical studies of surface structure and morphology of LiAlO2
crystals
•

Phase transformation, crystal shape, and morphology of LiAlO2 under different conditions using a
combined empirical and theoretical approach

•

Density Functional Theory (DFT) and Wulff construction to predict thermodynamic equilibrium
particle shape

1.6
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CHAPTER 2.

STABILITY

OF

LITHIUM

ALUMINATE

UNDER

REDUCING AND OXIDIZING ATMOSPHERES AT 700ºC

2.1

Abstract

The stability of lithium aluminate (LiAlO2) has been studied under reducing (4% H2-N2) and
oxidizing (Air) atmospheres at 700ºC. While X-ray diffraction (XRD) results show the raw αLiAlO2 samples contains a minor fraction of LiAl2(OH)7·2H2O and LiAlO20.25H2O phases,
high-temperature XRD study showed that LiAl2(OH)7·2H2O may have decomposed at 700ºC to
γ-LiAlO2 and LiAlO20.25H2O to α-LiAlO2. Surface morphological studies show the samples
consist of porous LiAlO2 spherical agglomerates with interconnected nanoparticles. The
inductively coupled plasma (ICP) and

X-ray Photoelectron Spectroscopy (XPS) analyses

indicate that the powder surface Li/Al ratio decreases after exposure to reducing atmosphere
whereas much less change during exposure to the oxidizing atmosphere. The binding energy of
Al 2p peak also change in the high-temperature reducing and oxidizing environments, indicating
the presence and co-existence of different oxidation states of Al species on the surface. The color
of LiAlO2 powder, examined visually, changed from white to gray after reduction and back to
white after oxidation, indicating the likelihood of generation of non-stoichiometry under
reducing atmosphere. The sample with less crystalline cationic mixing shows improved
structural stability.
2.2

Introduction

Lithium aluminate (LiAlO2) has been extensively used for over three decades as a ceramic
constituent material of the electrolyte matrix structure in molten carbonate fuel cell (MCFC)
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stacks for stationary power generation [1, 2]. MCFCs operate at intermediate temperatures in the
range of 550-650°C and offer high electrical and combined heat and power (CHP) efficiency
(>47% single-cycle electrical and >85% CHP). A wide variety of fuels derived from renewable
resources (bio-fuels) and fossil fuels (coal and natural gas) has been successfully utilized in
MCFCs. Although 40,000-50,000 hours of operation has been demonstrated at MW class
MCFCs, further enhancements in operating life time and cell performance stability are
considered to be important for accelerated large scale commercialization and global market
penetration. The porous matrix, which acts as an electrolyte retainer, has been considered as one
of the most critical component impacting cell life and performance; continued particle growth
and structural changes could cause electrolyte loss and increase in the gas crossover[3]. LiAlO2
exists in three different allotropic forms: the hexagonal α-LiAlO2, tetragonal γ-LiAlO2 and
monoclinic β-LiAlO2 [4] of which the γ-LiAlO2 is the stable phase at high temperature, while αand β-LiAlO2 phases show transformation to the γ-LiAlO2 at an elevated temperature [5,6].
Particle coarsening and phase transformation of LiAlO2 have been reported as one important
cause for in-cell electrolyte depletion [7]. Although γ-LiAlO2 has initially been considered a
stable phase in MCFC, its instability has been found to result in the accelerated electrolyte loss
and cell failure in long term operation [8]. α-LiAlO2 has been reported as a more stable matrix
support material for MCFC [9]. However, at very-high temperature (937 ºC), α- LiAlO2 can
transform to γ-LiAlO2 in air in the absence of carbonate after 40 h [10].
LiAlO2 has also found application as a solid tritium breeding material in nuclear fusion reactors
due to its excellent thermochemical and mechanical stability at high temperature and favorable
irradiation behavior [1,2]. Apart from application in nuclear systems, LiAlO2 has also found
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application as an excellent luminescent material [ 11 ]. γ-LiAlO2 provides an attractive red
phosphor for artificial illuminations [12].
A number of synthesis processes consisting of conventional solid state reactions, sol gel
processing, co-precipitation and combustion synthesis have been extensively used for the
preparation of LiAlO2 powder. Solid state synthesis in the range of 370°C to 1000°C has been
reported to lead to the formation of a mixture of LiOH and a lithium dialuminate, depending on
the calcination temperature [13,14].The process was found difficult for the synthesis of pure
lithium aluminate with controlled size and morphology due to partial evaporation of lithium at
higher temperature and contamination from grinding operations [ 15 ]. α-LiAlO2 has been
synthesized using oxide and salt precursors. A mixture of Li2CO3 and Al(OH)3 were dried at
60ºC for 24 hours followed by heat-treated at 650ºC for 24 hours in a 100% CO2 atmosphere.
The final powders were prepared by eliminating the residual carbonate by washing [ 16 ].
Formation of lithium aluminum oxide hydrate, LiOH·2Al (OH) 3·2H2O (or LiAl2 (OH)7·2H2O)
during powder synthesis was found to transform easily to γ-LiAlO2 during exposure to nitrogen
atmosphere at elevated temperatures [17].
Sol-gel technique has been used for preparing LiAlO2 utilizing the hydrolysis of lithium and
aluminum alkoxide followed by calcination at temperature of 550°C that gives γ-LiAlO2 [17].
The technique showed the limitation in terms of instability of precursors, precise control of
reaction steps and use of expensive reactants. Use of co-precipitation technique provided pure γLiAlO2 in the presence of nonionic surfactant after calcination at 950°C [15]. The combustion
synthesis technique using glycine nitrate–urea reactants was also found suitable for synthesizing
γ-LiAlO2 [18,19].
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As mentioned earlier, sufficient LiAlO2 stability under MCFC operating environment is
essential to assure long-term electrolyte retention for cell resistance and performance stability.
LiAlO2 in matrix experiences both reducing anode and oxidizing cathode atmospheres. However,
detailed LiAlO2 structure stability under different gas atmospheres have been reported in the
literature only to a limited extent. γ-LiAlO2 powders have been reported to discoloration due to
the presence of residual amorphous carbon-containing compounds resulting from incomplete
oxidation of the glycine-urea by the combustion synthesis technique [20]. Color change in oxides
such as Li2TiO3 from white to dark blue under reducing atmosphere conditions has been
attributed to oxygen non-stoichiometry and formation of vacancies and compound such as Li2xTiO3-y

[21].

In the present paper, we have investigated the structural and chemical stability of lithium
aluminate under reducing and oxidizing atmospheres at 700ºC. We further develop fundamental
understandings of the effect of crystalline structure, surface composition, and morphology on
stability.
2.3

Experimental

2.3.1 Materials and Methods
Two typical batches of α-lithium aluminate powders samples of >99% purity, supplied by Fuel
Cell Energy, USA have been investigated used in this study. Powder batches (labeled batch A
and B) were manufactured by FCE and IHS Corp. The experimental set up used for conducting
long- term exposure tests in the laboratory is shown in Figure 2.1. High temperature exposure
studies in controlled environments were conducted at 700°C for 100 h in crucibles made from
99.5% pure alumina. Approximately 1.5 g lithium aluminate, contained in alumina crucibles,
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was exposed under selected experimental conditions. The gaseous atmospheres used during the
experiments are consisted of reducing 4% H2-N2 (balance) and oxidizing compressed air. After
the completion of the experiments, powder samples were visually examined. Figure 2.1 shows
the influence of heat treatment at 700°C in oxidizing and reducing gases. While the color of one
batch of powder (sample A) changed from white to gray during the exposure to reducing
atmosphere, the powder from another batch (sample B) showed little or no change in the color.
The gray color subsequently changed to white after oxidation treatment in air at 700°C for 50
hours, similar to the Li2TiO3 [21] .

Figure 2.1. Schematic setup for controlled reduction and oxidation of LiAlO2

Figure 2.2. Color change of LiAlO2 powders of as-received sample A and B (a), sample A after
reduction (b), sample A after oxidation (c), and sample B after reduction (d).
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2.3.2 Characterization
Lattice structure and compound identification were conducted by X-ray diffraction (XRD)
technique at room temperature and high temperature using a Bruker D8 Advance system with Cu
Kα radiation (λ= 1.5406 Å) and an Anton Paar HTK 1200 oven chamber. LiAlO2 powders were
supported on an alumina sample holder disk for high temperature XRD. In order to identify and
understand changes in crystal structure, high-temperature XRD studies of LiAlO2 samples were
performed in the temperature range of 25- 700ºC in reducing atmosphere (4% H2-N2) and
oxidizing atmosphere (Air) respectively. LiAlO2 powders were supported on an alumina sample
holder disk for high temperature XRD. A heating and cooling rate of 5ºC/min was used during
the experiment with a dwell time of 50 h at 700ºC. The data was acquired over an angular range
10° < 2 theta < 70° with a scan step of 0.02° and a specific angular range to determine minor
secondary phase with a scan step of 0.01º. Surface morphologies were obtained using an FEI
Quanta 250 FEG HRSEM with a field emission source and imaged using an Everhart-Thornley
SE (secondary electron) detector with an electron accelerating voltage of 10 kV and a sample
height of 10 mm. Nitrogen adsorption analysis was performed with Micromeritics ASAP 2020 at
77 K. Prior to nitrogen adsorption, the powder was degassed for 12 hours at a temperature of
250°C. The surface area of the powder was calculated using the Brunauer -Emmett-Teller (BET)
equation [22]. The pore volume and pore diameter were determined from the adsorption data of
isotherms using the Barrett-Joyner-Halanda (BJH) method. The X-ray Photoelectron
Spectroscopy (XPS) measurement has been performed on a PHI 595 Multiprobe system. The Al
Kα radiation was run at 250 W with a pass energy of 100 eV was measured at a scan rate of 1
eV/step to study the surface compositions of the LiAlO2 powder and with a pass energy of 50 eV
at a scan rate of 0.1 eV/step for the higher resolution scan. A take-off angle of 45° was used in
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all sample analyses. Accurate binding energies were determined by placing the C 1s peak at
284.6 eV. The chemical composition and assay of the samples were analyzed by inductively
coupled plasma-optical emission spectrometer (ICP-OES, Perkin Elmer, Optima 3300XL).
2.4

Results and Discussion

2.4.1 Crystal Structure by XRD
The in-situ high-temperature XRD patterns of powder samples are tabulated in Figure 2.3. Figure
2.3(a) shows the XRD pattern for sample batch A obtained at room temperature. The major XRD
peaks matches with that of α-LiAlO2, which is a rhombohedral structure (JCPDS 74-2232) with
unit cell parameters of a = 2.8034 Å and c = 14.228 Å and a space group of R-3m. XRD patterns
obtained at slow scan rate of 5º per minute (shown in inserts of Figure 2.3) show the presence of
minor phases of LiAl2(OH)7·2H2O and LiAlO2·0.25H2O at room temperature [23].

Figure 2.3. High-temperature X-ray diffraction (HT-XRD) patterns of sample A powder under 4%
H2-N2 and air atmosphere at 700ºC; (a) room temperature, (b) 700ºC for 50 h under 4% H2-N2, (c)
700ºC for 50 h under air atmosphere. The inserts show the details of the XRD patterns.
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Figure 2.3 (b) and (c) show in-situ high-temperature X-ray diffraction patterns for the above
powder samples at 700°C after 50h exposure in 4% H2-N2 and air atmospheres, respectively. It is
observed that the XRD peaks shift to lower angles indicating lattice expansion [24]. It is also
observed that LiAl2 (OH) 7·2H2O disappears after 50 h under either reducing or oxidizing
atmosphere at 700°C. In comparison, a small amount of γ-LiAlO2 (JCPDS 38-1464) was formed
in the sample batch A (containing LiAl2(OH)7·2H2O) in the reducing atmosphere while
LiAl2(OH)7·2H2O may have been fully converted to α-LiAlO2 in the oxidizing atmosphere from
sample batch A at 700°C after 50 h.

Figure 2.4. High temperature X-ray diffraction (HT-XRD) pattern of sample B powder under 4%
H2-N2 atmosphere; (a) room temperature, (b) after 20 h at 700ºC, (c) after 50 h at 700ºC and (d)
after cool down to 30ºC. The inserts show the details of the XRD patterns of the samples.

Figure 2.4 shows minor peaks of LiAlO2·0.25H2O in the sample B at room temperature that
disappeared after 50 hours under the reducing atmosphere at 700°C. The sample showed only
the presence of α-LiAlO2 only and unlike the sample A that showed the formation of γ-LiAlO2
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due to the decomposition of LiAl2(OH)7·2H2O. The presence of hydrated compounds
LiAlO2·0.25H2O in α-LiAlO2 has been reported by Pavel, et al.[25] who reported that a sample
with a Li/Al ratio of 1.0 mainly consist of α-LiAlO2 with a minor LiAlO2·0.25H2O phase
whereas a sample with lower Li/Al ratio of about 0.4 contains α-LiAlO2, LiAl2(OH)7·2H2O and
LiAlO2·0.25H2O. The stability of the powder samples were analyzed based on the integrated
intensity ratio I (003)/I (104) of (003) and (104) peaks indicative of cationic mixing in the lattice and
a measure of lattice stability [26,27]. If I

(003)/I (104)

is lower than 1.1, the lattice structure is less

stable due to the more cationic disorder, which indicates that many Al3+ are mixed with Li+ in 3a
sites [28]. The integrated intensity ratio I(003)/I(104) of powder sample A decreased from 0.84 to
0.74 during the reduction treatment, indicating an increase of disorder between Li+ and Al3+,
meaning a high concentration of Al3+ ions in the Li interlayer sites. However, after heating at
700ºC under the oxidizing atmosphere, the ratio of I

(003)/I (104)

increased to 0.98, due to an

increase in crystallinity and improvement in cationic ordering. The integrated intensity ratio
I(003)/I(104) of powder sample B remains essentially at 1.0 regardless of the reduction treatment.
This indicates the sample B has a higher cationic ordering and is resistant to forming cationic
disordering even under the reduction treatment.at a temperature of 700ºC.
Above processes are schematically presented in Figure 2.5. The formation of hydrated oxide
along with absorbed water on the α-LiAlO2 and their subsequent dissociation and conversion to
γ-LiAlO2 is presented at elevated temperature.
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Figure 2.5. A schematic depicting surface reaction processes on LiAlO2 powder during treatment in
oxidizing and reducing atmospheres.

2.4.2 Powder Composition by ICP-OES and XPS
The bulk composition of the powder samples were analyzed by ICP-OES and compared with
compositions on the surface (depth 0-10 nm) determined by XPS (Table 2.1). The Li/Al ratio on
the surface of the sample A is 0.83, which is higher than bulk composition of 0.79, indicating
that Li+ deficient on the LiAlO2 particle surface. The Li deficiency may be explainable by the
presence of LiAl2 (OH) 72H2O (low Li/Al ratio) in sample A as indicated in XRD pattern
(Figure 2.3). The Li/Al ratio of the surface dropped dramatically to 0.66 during the exposure to
the reducing atmosphere, suggesting that a large quantity of Li+ ions located on the surface were
removed during exposure to reducing atmosphere at 700°C. The powder also turned grey. When
the sample A exposure to the oxidizing atmosphere at 700C, the Li/Al ratio on both surface and
bulk increased and powder is back to white. Overall, the sample A has lower Li/Al ratio than that
of sample batch B. The ICP and XPS results suggest that these hydrated LiAl2 (OH) 72H2O
compounds not only exist on the surface of powder sample A1 but also in the bulk which lead to
41

a low Li/Al ratio in the ICP analysis. In comparison, LiAlO20.25 H2O (Li/Al=1/1) has been
observed in the sample B (Figure 2.4) and may explain the higher surface Li/AL ratio (0.96), as
shown in Table 2.1. The sample B also showed less reduction of the surface Li/Al ratio during
the reduction treatment compared to the sample A. The power remained white. In conclusion, a
higher Li/Al ratio may have prevented the color change of the power sample B.
Table 2.1. The Li/Al ratio of LiAlO2 samples of sample A, sample A exposed to 4% H2-N2
atmosphere at 700°C, sample A exposed to air atmosphere at 700°C, sample B exposed to 4% H2-N2
atmosphere at 700°C.

Intensity ratio
Samples

Li/Al ratio by ICP

Li/Al ratio by XPS
I (003)/I (104)

As-received sample A

0.79 ± 0.02

0.83 ± 0.02

0.84 ± 0.02

Sample A after reduction

0.74 ± 0.01

0.66 ± 0.02

0.74 ± 0.01

Sample A after oxidation

0.83 ± 0.02

0.87 ± 0.03

0.98 ± 0.02

As-received sample B

0.84 ± 0.02

0.96 ± 0.03

1.02 ± 0.02

Sample B after reduction

0.84 ± 0.02

0.85 ± 0.03

1.01 ± 0.02

2.4.3 High Resolution XPS Al 2p spectra
Figure 2.6(a-c) shows the binding energy (BE) shift of the Al 2p peaks for the sample A before
and after the reduction and oxidation treatment, respectively. For the as-made sample A, the
spectrum was de-convoluted into two peaks at 74.3 and 72.9 eV. The higher peak at 74.3 eV was
assigned to the formation of Al-O bond [29]. The energy value of lower peak was 72.9, which is
0.5 eV higher than that of metallic Al. The binding energy of a small metal cluster was reported
shifting to higher value than the bulk metal [30-32]. After reduction at 700°C, a shift of the
binding energy of Al 2p to 73.9 [33] and 72.8 eV [34] was observed. The intensity of Al-O
decreased and that of metallic Al considerably increased after the exposure to the reducing
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atmosphere at 700°C. After the oxidation treatment, an additional asymmetric component
appeared at 75.5 and 76.9 eV while the peaks of metallic Al decrease. This high BE peaks at 75.5
and 76.9 eV are assigned to fully-coordinated and under-coordinated Al3+ in Al2O3 [35,36]. The
fact that the metallic aluminum is oxidized could be confirmed by the decrease in Al-Al bonds
around 73 eV [37]. This indicates that metallic aluminum shifted toward higher binding energy
due to the oxidation of the surface enriched metallic aluminum atoms while exposure to the
oxidizing air atmosphere [38]. On the other hand, sample B did not change in binding energy
after reduction, which is in agreement with the constant Li/Al ratio on the surface before and
after reduction.

Figure 2.6. High resolution XPS Al 2p spectra of samples A as-received (a), after reduction (b), and
after oxidation (c) and sample B as-received (d) and after reduction (e).
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2.4.4 Morphologies by SEM

Figure 2.7. Low-magnification FESEM images of the LiAlO2 Sample A (a) and Sample B (b)

A typical low-magnification FESEM image of LiAlO2 (the sample A) powders is shown in
Figure 2.7 (a), which displays dispersed microspheres with very porous surface and a diameter of
~20 um while the sample B in Figure 2.7(b) displays similar microspheres with relatively less
porous surface and a diameter of also ~20 um.
Figure 2.8 shows the high-magnification surface morphology of the samples A and B before
and after reduction/oxidation at 700°C for 100 hours. Sample A powders in Figure 2.8 (a) show
that the microsphere is agglomerated nanoparticles. The particles are spherical as well as platelike and loosely interconnected, producing nano- and micron-size pores between the
interconnected particles. H. Xiao et al.[39] reported that porous LaFeO3 microspheres exhibit
much higher response to reducing gas than denser LaFeO3 particles. Sample B powder in Figure
2.8 (d) shows that the microsphere is also assembled from a large amount of interconnected
nanoparticles. However, the particles are uniform and more compactly interconnected with each
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other, producing only micron-sized pores. Before and after reduction, the sample A is more
porous than the sample B which is consistent with the BET analysis results (Section 2.4.5).

Figure 2.8. High-magnification FESEM images of the LiAlO2 samples. (a) raw sample A, (b)
sample A after reduction, (c) sample A after oxidation, (d) raw sample B and (e) sample B after
reduction.

2.4.5 Surface Area and Pore Size Distribution
Nitrogen adsorption-desorption measurements were carried out in order to study the surface area
and pore-size distribution of the lithium aluminate materials exposed to reducing and oxidizing
atmosphere. N2 adsorption isotherms of sample batch A and B as received and after reduction are
shown in Figure 2.9 (a-d). All samples exhibited a typical type II isotherm, which was
characteristic of macroporous materials [40]. The adsorbed amount of N2 dramatically decreased
from 95.9 cm3/g to 68.9 cm3/g (decrease of 28.2%) on the sample A after the reduction
treatment. The sample B before and after reduction shows the adsorbed amount of N2 decreased
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from 87.2 cm3/g to 77.6 cm3/g (a decrease of 11.0%) indicating that adsorption is easier on the
non-treated powders of as-received A and B. Absorption and surface coverage is also favored on
sample A, which has a more porous structure, as shown in the SEM image, than the sample B,
which has a more compact interconnected structure.

Figure 2.9. Adsorption isotherm patterns of the LiAlO2 powders: (a) raw sample A powder, (b)
sample A after reduction, (c) raw sample B, and (d) sample B after reduction. Pore diameter
distributions are shown in insets.

Pore size distributions obtained by the BJH method as shown in Figure 2.10 show the presence
of pores in size range of 25 Å in the both sample batch A and B. The pore volume increase and
widen after high temperature heat treatment. Moreover, the pore volume below 25 Å of pore
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diameter slightly increase in sample A whereas it is still remain unchanged in sample B before
and after reduction. This data indicates that the pore size distribution has widened towards higher
pore widths after high temperature heat treatment indicating that a predominantly mesoporous
LiAlO2 structure has changed to meso- and macro porous after reducing and oxidizing
atmosphere at 700°C.

Figure 2.10. BJH pore size distribution of the LiAlO2 powders: (a) as-received sample A powder, (b)
sample A after reduction, (c) as-received sample B, and (d) sample B after reduction.

Specific surface area of the sample A and B were calculated according to nitrogen adsorption
measurements. Table 2.2 summarizes the nitrogen sorption data of the sample A and B. The
sample A has a specific surface of 19.4 cm2/g, and a sum of meso- and micro- pores’ volume
equal to 0.0056 cm3/g. After reduction, the pore volume increases to 0.001 cm3/g possibly due to
the removal of LiAl2 (OH)7·2H2O and formation of γ-LiAlO2 as shown in Figure 2.3. The surface
area increases to 20.7 cm2/g, which is also a result of slight increase in the meso- and micro-pore
volume. The samples B showed only slight change in the surface area (17.2 cm2/g to 17.1 cm2/g)
and the pore volume (both 0.005 cm3/g) after the reduction treatment. Stable behavior of the
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powder is considered to be related to the presence of denser surface and higher Li/Al integrated
ratio. The presence of the hydrated oxides, crystalline water, and Li/Al ratio influences the
mesopores, specific surface area pore volume as well as phase stability during exposure to
elevated temperatures.
Table 2.2. BET surface area and micro- and meso-pore volume of LiAlO2 samples of as-received
sample (A), Sample A exposed to 4% H2-N2 atmosphere at 700°C, Sample A exposed to air
atmosphere at 700°C, as-received sample (B) and sample B exposed to 4% H2-N2 atmosphere at
700°C.

BET Surface Area

V micro + V meso

(m2/g)

(m3/g)

As-received sample A

19.4 ± 0.4

0.0056 ± 0.0001

Sample A after reduction

20.7 ± 0.5

0.0066 ± 0.0002

Sample A after oxidation

18.7 ± 0.5

0.0049 ± 0.0001

As-received sample B

17.2 ± 0.3

0.0048 ± 0.0003

Sample B after reduction

17.1 ± 0.4

0.0050 ± 0.0002

Samples

2.5

Conclusions

The XRD analysis show the α-LiAlO2 samples contain small amounts of LiAl2(OH)7·2H2O
phase in the sample A and LiAlO20.25H2O phase in the sample B. Bulk and the surface analysis
of the -LiAlO2 powder shows Li-deficiency exists on the surface and becomes more deficient
upon treatment in the reducing atmosphere. The XRD analysis show the presence of the small
amount of LiAl2(OH)7·2H2O phase in sample batch A and LiAlO2.0.25H2O phases in sample
batch B as well as major α-LiAlO2 at room temperature. After exposure to the reducing
atmosphere, LiAl2 (OH)7·2H2O peak disappeared followed by the formation of γ-LiAlO2 phase.
A decrease in the integrated intensity ratio I (003)/I (104) of (003) and (104) peaks from 0.84 to 0.74
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for the sample A after the exposure to the reducing atmosphere indicates a higher degree of the
cationic disorder and relatively poor structural stability. On the other hand, the sample B showed
relatively less I

(003)/I (104)

of (003) and (104) peaks and Li/Al ratio changes, indicating less

cationic disorder and hence improved structural stability. Apparently a reducing environment
may promote cationic disorder and surface stoichiometry changes that reduce powder structural
stability. The above inference may be supported by the powder color under a reducing
atmosphere.

The presence of hydrated oxide phases LiAl2(OH)7·2H2O and LiAlO20.25H2O,

crystalline water, and Li/Al ratio influences the stability during exposure to elevated
temperatures. To fully understand the LiAlO2 under MCFC environments, further investigation
in the presence of electrolyte needs to be conducted.
2.6
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CHAPTER 3.

ROLE OF EXPOSURE ATMOSPHERES ON PARTICLE

COARSENING AND PHASE TRANSFORMATION OF LIALO2

3.1

Abstract
The phase transformation and particle coarsening of lithium aluminate (α-LiAlO2) in

electrolyte are the major causes of degradation affecting the performance and the lifetime of the
molten carbonate fuel cell (MCFC). The stability of LiAlO2 has been studied in Li2CO3-Na2CO3
electrolyte under accelerated conditions in reducing and oxidizing gas atmospheres at
temperatures of 650 and 750 °C for up to 500 hours. X-ray diffraction analyses show that the
progressive transformation of α-LiAlO2 to γ-LiAlO2 phase proceeds with increasing temperature
in lower PCO2 and lower PO2 environments. Spherical LiAlO2 particles were transformed to
coarsened pyramid-shape particles in 4% H2-3% H2O-N2 and 100% N2 (~10 ppm PO2)
atmospheres. Under CO2-rich atmospheres (4% H2-30% CO2-N2 and 70% air-30% CO2), both
phase and particle size remained unchanged at 650 and 750 °C. Selected area electron diffraction
(SAED) pattern analysis indicated that the large pyramidal shape particles (~30 µm) were γLiAlO2 phase. Experimental observations and related simulation results pertaining to particle
coarsening and phase transformation behavior of LiAlO2 are presented.
3.2

Introduction
Molten carbonate fuel cell (MCFC) power generation systems are currently being

developed and commercialized because of their demonstrated high electrical efficiency (>45%
net electrical AC and >90% combined heat and electric), multi-fuel operational flexibility
(pipeline natural gas, bio-gases from farm waste and wastewater treatment), pollution-free
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operation (no NOx, SOx, PM’s, VOC) and reduced CO2 foot print [1-3]. A large number of
MCFC power plants in multi - MWe class have been successfully installed and operated in North
America, Europe and Asia demonstrating the technology and systems engineering robustness [4].
Over the last decade, optimization of cell and stack operating conditions, materials chemistry and
fabrication processes have resulted in significant improvement of the cell life and performance
making it possible to obtain long life (>50,000 hrs.) of MWe class systems [5]. A need to
increase the system life time to >80,000 hours has been identified as next steps for increased
market penetration and cost reduction [ 6]. For the state of the art MCFC’s, the electrical
performance degradation is commonly assigned to cell and stack component corrosion, structural
changes, and electrolyte loss. Although effective mitigation strategies for a number of materials
related degradation issues (anode creep, cathode dissolution, current collectors and bipolar plate
corrosion) have been developed and implemented [ 7 , 8 ], challenge with matrix coarsening
beyond 60,000 hours remains.
The lithium aluminate (LiAlO2) is the state-of-the-art ceramic constituent material in the
electrolyte matrix. It effectively retains the liquid electrolyte and prevents gas crossover with
sufficient fine-pore structure stability [9]. LiAlO2 exists in three different allotropic forms which
are hexagonal α-LiAlO2 (ρ = 3.401 g/cm3), monoclinic β-LiAlO2 (ρ = 2.615 g/cm3), and
tetragonal γ-LiAlO2 (ρ = 2.685 g/cm3) [10]. The α- to γ-LiAlO2 phase transformation, while
exposing to MCFC environment, remains as one important process causing in-cell electrolyte
depletion in MCFC because of a substantial difference in the density leading to changes in the
pore size distribution of the matrix [11]. The crystal structure of α-LiAlO2 has R3̅m space group
and it belongs to the rhombohedral lattice system in hexagonal crystal family with one 3-fold
axis of rotation. The unit cell parameters are a = b = 2.8003 Å, c = 14.216 Å, α = β = 90°, and γ =
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120° [ 12 ]. The α-LiAlO2 is built up from alternating layers of condensed LiO6 and AlO6
octahedron. The crystal structure of γ-LiAlO2 has P41212 space group and it exhibits one 4-fold
axis of rotation and, thus, belongs to the tetragonal crystal and lattice system. The lattice
parameters are a = b = 5.1687 Å, c = 6.2679 Å, α = β = γ = 90° [13]. The γ-LiAlO2 consists of an
infinite three-dimensional array of distorted LiO4 and AlO4 tetrahedron.
Earlier literature [14, 15] considered γ-LiAlO2 as stable electrolyte matrix in MCFC due to
its high corrosion resistance to molten carbonate electrolyte. Recent studies [16], however, reveal
its instability resulting in accelerated electrolyte loss and cell failure during long-term cell
operation. Recent research focuses on the use of α-LiAlO2 as a more stable matrix support
material for current commercial MCFC development [17]. Fundamental understanding of the
structural stability is, however, needed for designing cell matrix to achieve durability for over
10-year service life.
State-of-the-art MCFCs generally use a Li2CO3/Na2CO3 (52/48 mol. %) electrolyte due to
its lower solubility of NiO cathode, higher ionic conductivity, and better electrochemical
performance during cell operation [18]. The cell performances significantly deteriorate below
600 °C due to increase in cathode polarization [19].
Particle coarsening and phase transformation of LiAlO2 in molten carbonate have been
studied. Choi et al. found that α-LiAlO2 particles were stable in an air atmosphere at 650 °C in
molten Li/Na carbonate [20]. Terada et al. investigated effects of temperature and PCO2 on a
mixture of α- and γ-LiAlO2 with various carbonate mixtures [21]. Takizawa et al. reported that
initial particle size and the atmosphere conditions effect the phase transformation [11]. This
suggests that small-size particles dissolve in molten carbonate and deposit on the surfaces of
large particles. The growth rate of γ-LiAlO2 particles is significantly higher than α-LiAlO2 and
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the difference in growth rates between the two phases become pronounced at high temperature
and low PCO2.
Although the role of electrolyte chemistry and gas constituents have been reported in the
literature as indicated above, detailed understanding of the conjoint roles of oxygen and carbon
dioxide vapors on phase transformation and particle coarsening remains unclear. In the present
work, we have investigated phase transformation and particle coarsening behavior of α-LiAlO2
under high and low partial pressure of oxygen (PO2) and carbon dioxide (PCO2) atmospheres at
650 and 750 °C. Mechanistic understanding of crystalline structure, morphology evolution and
their role on thermal stability are also discussed.
3.3

Experimental

3.3.1 Materials and Methods
The α-LiAlO2 powder was prepared by a solid-state synthesis method. The precursor
materials, Al(OH)3 (>99.9% pure) and Li2CO3 (>99.9% pure), were mixed with deionized water
by ball milling. Uniformly dispersed mixtures were subsequently dried at 110 °C for 24 h. The
dried powder cake was calcined at 600-800 °C for 12-24 h in ambient stagnant air [22]. The
pellet was prepared by uniaxial dry-pressing under 200 MPa and then filled with 52Li/48Na
electrolyte (100% void volume) at 700 C for 1 h. The average composite powder consists of
~37.5 wt. % of electrolyte and ~62.5 wt. % of LiAlO2. The pellet has a thickness of 1.1 mm and
a diameter of 13 mm. Pellets were subsequently used for stability tests.
The experimental set up used for the long-term exposure tests is shown in Figure 3.1.
Gold plate (99.9985% pure) were placed between the LiAlO2 pellets filled with electrolyte and
alumina plate (99.5% pure) to avoid reaction between electrolyte and alumina plate and the
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entire test assembly was placed inside the furnace for long-term exposure tests. The exposure
tests were conducted at 650 and 750 °C for 100, 200, and 500 h under controlled atmospheres
(75 cc/min) comprising of 4% H2-3% H2O-N2 balance, 100% N2, 4% H2-30% CO2-N2 balance,
and 70% air-30% CO2.

Figure 3.1. Schematic of experiment set up for controlled atmospheres of LiAlO2 pellet filled with
electrolyte.

After the completion of the experiments, each pellet was washed with a mixture solution
of glacial acetic acid (> 99.5%, Sigma-Aldrich) and acetic anhydride (> 99%, Sigma-Aldrich) to
dissolve carbonates. Subsequently, LiAlO2 powder was filtered through a filter paper (0.1 μm
diameter pore) using a vacuum-assisted filtration. The powder cake formed on the filter paper
was washed with isopropanol alcohol and then dried at 120 °C for 4 h (Figure 3.2).

Figure 3.2. LiAlO2 powder washing process
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3.3.2 Characterization
Lattice structure and phase identification were performed by X-ray diffraction (XRD)
technique at room temperature using a Bruker D8 Advance system with Cu Kα radiation (λ=
1.5406 Å). The data were acquired over an angular range of 10° < 2θ < 80° with a scan step of
0.02°. To study the crystallite size of α-LiAlO2, the peaks at 2θ = 18.7° (003) and 2θ = 45.2°
(104) were chosen as they were found to be well-defined and independent. For γ-LiAlO2, the
peaks at 2θ = 22.2° (101), 33.4° (102), and 34.6° (200) were chosen. The crystallite size
distributions of α-LiAlO2 were compared with that of γ-LiAlO2. The average crystallite size was
determined by Scherrer Equation [23].
𝐷=

𝐾𝜆
𝛽 cos 𝜃

(3.1)

In this equation, K is a dimensionless shape factor which has a typical value of 0.9 for
spherical particles, λ is the wavelength of the X-ray (1.541874 Å) used, θ is the Bragg angle of
diffraction and β represents the full width at half maximum (FWHM). The value of β was
calculated according to β = Bm – Bref, where Bm is the measured line width and Bref is the width of
the reference which was obtained from the microcrystalline LaB6.
The quantification of tetragonal γ-LiAlO2 phase and rhombohedral α-LiAlO2 phase
present in the LiAlO2 was performed from the strongest peak intensity of the tetragonal phase at
2θ = 22.2° for (101) reflection and the rhombohedral phase 2θ = 18.7° for (003). The percent
composition of each phase was calculated from the strongest peak intensity of the characteristic
peak determined using software available with the equipment [24].
𝑉𝛾 =

𝐼𝛾(101)
𝐼𝛾(101) + 𝐼𝛼(003)
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(3.2)

Surface morphologies were obtained using an FEI Quanta 250 FEG HRSEM with a field
emission source and images using an Everhart-Thornley SE (secondary electron) detector with
an electron accelerating voltage of 10 kV and a sample height of 10 mm. Sample for
transmission electron microscopy (TEM) was prepared by a focused ion beam (FIB) instrument
(FEI Strata 400s Dual Beam FIB), combined with a scanning electron beam and an ion beam.
The dual beam gives high-resolution imaging of the sample while the ion-beam milling proceeds.
TEM studies were performed using JEOL JEM-2010 FasTEM. To measure the surface area of
the powder, nitrogen adsorption analysis was performed using Micromeritics ASAP 2020 at 196 °C. Prior to nitrogen adsorption, the powder was degassed for 4 hours at a temperature of
150 °C. The surface area of the powder was calculated using the Brunauer-Emmett-Teller (BET)
equation [25]. The pore volume and pore diameter were determined from the adsorption data of
isotherms using the Barrett-Joyner-Halanda (BJH) method.
3.4

Results and discussions

3.4.1 Low PCO2 and low PO2
The LiAlO2 pellets filled with Li/Na carbonate electrolyte were exposed to 4% H23% H2O-N2 at 650 and 750 °C for 100, 200, and 500 h, respectively. Figure 3.3 shows the XRD
patterns of the washed samples obtained after the completion of the exposure tests. For
comparison, XRD patterns of as-prepared α-LiAlO2 are also presented. Initial XRD peaks of asprepared LiAlO2 match with α-LiALO2 [26]. After the heat treatment at 650 °C for 100 and
200 h in 4% H2-3% H2O-N2 atmosphere, very small amount of γ-LiAlO2 was observed [27]. The
amount of γ-LiAlO2 phase increased significantly at 650 °C after 500 h. At 750 °C, significant
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amount of γ-LiAlO2 formed after 100 h. Corresponding reduction in peak intensities of α-LiAlO2
with increase in time was observed after 500 h duration.

Figure 3.3. XRD patterns of LiAlO2 before and after experiments in Li/Na carbonate in 4% H2-3%
H2O-N2 balance atmosphere at (a) 650 and (b) 750 °C for 100, 200, and 500 h, respectively.
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Figure 3.4. Surface morphologies of LiAlO2 after experiments in Li/Na carbonate under 4% H23% H2O-N2 atmosphere at 650 and 750 °C for 100, 200, and 500 h, respectively.

Figure 3.4 shows the surface morphologies of LiAlO2 samples after exposure to Li/Na
carbonate melt in 4% H2-3% H2O-N2 atmosphere at 650 and 750 °C for 100, 200, and 500 h,
respectively. The as-prepared sample consists of uniform spherical nano-size particles. The
samples heated at 650 °C in Li/Na carbonate for 100 and 200 h show the presence of a small
number of scattered larger particles (~300 nm). After a 500 h test, both spherical- (~150 nm) and
pyramidal- (~500 nm) shaped LiAlO2 particles are observed embedded in coarsened particles
(~30 μm). The particle coarsening also proceeds rapidly as the heat treatment temperature is
increased. After 100 and 200 h tests at 750 °C, the initial particles almost disappeared with the
formations of predominantly large pyramidal particles of 10-30 μm size. The pyramidal particles
continue to grow to ~50-μm particles with increasing in heating time.
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Figure 3.5. XRD patterns of LiAlO2 before and after experiments in Li/Na carbonate in N2 balance
atmosphere at 650 and 750 °C for 100, 200, and 500 h, respectively.

Figure 3.5 shows the XRD patterns of LiAlO2 filled with Li/Na carbonate after the heat
treatment in 100% N2 atmosphere (~10 ppm PO2). The α-LiAlO2 phase was found stable at
650 °C for up to 200 h. After 500 h at 650 °C, very small amount of γ-LiAlO2 phase appeared
(shown in inserts of Figure 3.5). At 750 °C, significant amount of γ-LiAlO2 was observed after
100 h. The peak intensities of the γ-LiAlO2 phase increased with time, showing very little αLiAlO2 remaining after 500 h.
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Figure 3.6. Surface morphologies of LiAlO2 after experiments in Li/Na carbonate under N2
atmosphere at 650 and 750 °C for 100, 200, and 500 h, respectively.

Figure 3.6 shows the surface morphologies of LiAlO2 samples after heat treatment in
Li/Na carbonate in 100% N2 atmosphere at 650 and 750 °C for 100, 200, and 500 h, respectively.
Similar to the earlier XRD results, the particles are found stable at 650 °C for 100 and 200 h.
Particles became larger with increase in exposure time (500 h). Small particles agglomerate
together to form larger particles (dash circle in Figure 4b) along with continued growth with time.
After increasing temperature to 750 °C, the SEM images reveal that the nano-sized particles
almost disappeared and micro-sized pyramidal particles formed, similar to observations in 4%
H2-3% H2O-N2 atmosphere at 750 °C.
Quantitative analysis of the γ-LiAlO2 phase was performed based on the peak intensity of
α-LiAlO2 and γ-LiAlO2 as shown in Table 3.1. Under 4% H2-3% H2O-N2 atmosphere, γ-LiAlO2
phase is about 5-9% at 650 °C after 200 h. The phase conversion increased to 83% after 500 h.
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At 750 °C, a complete phase transformation (97-100%) was observed only after 100 h exposure.
In 100% N2 atmosphere, less than 5% γ-LiAlO2 phase is observed at 650 °C after 500 h whereas
nearly complete phase transformation is noted at 750 °C (97-98%) in only 100 h.
Table 3.1. γ-LiAlO2 percentage and crystallite sizes of samples exposed to various atmospheres at
650 and 750 °C for 100, 200, and 500 h, respectively.

650 °C
750 °C
Atmospher Time
γ-phase α-crystallite γ-crystallite γ-phase α-crystallite γ-crystallite
e
(h)
(%)
size [nm]
size [nm]
(%)
size [nm]
size [nm]
As-prepared
20
20
100
9
30
99
153
210
4% H23% H2O
200
5
41
269
97
200
282
-N2
500
83
95
249
100
628
100
21
98
98
208
100% N2
200
22
97
88
225
500
<5
27
167
98
117
267
100
20
23
4% H230% CO2
200
20
23
-N2
500
21
26
100
19
23
70% air200
20
25
30% CO2
500
20
22

Table 3.1 also shows the spherical crystallite size of α-LiAlO2 (mean of 2θ = 18.7° (003)
and 45.2° (104)) and γ-LiAlO2 (mean of 2θ = 22.2° (101), 33.4° (102), and 34.6 (200))
calculated by Scherrer equation. The crystallite size of as-prepared α-LiAlO2 is 20 nm. In 4% H23% H2O-N2 atmosphere, the crystallite size of α-LiAlO2 phase starts to increase significantly
with time and temperature along with the formation of a substantial amount of γ-LiAlO2 phase.
An essentially complete phase transformation (97-100%) proceeds when α-LiAlO2 phase reaches
the size of 153 nm. Furthermore, it is postulated that the critical crystallite size of α-LiAlO2
phase is ~30 nm before significant phase transformation occurs. In the samples exposed to 100%
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N2 atmosphere, the crystallite size (21-22 nm) does not exceed the critical size for up to 200 h at
650 °C, confirming the stability of α-LiAlO2 phase. It is, however, founded that a larger
crystallite size of 27 nm could have triggered the transformation to γ-LiAlO2 phase as indicated
by the beginning of phase transformation as shown in the insert in Figure 3.4. For comparison,
The crystallite size of α-LiAlO2 exposed to 4% H2-3% H2O-N2 atmosphere at 650 °C is larger
(30 – 95 nm) than that exposed to 100% N2 atmosphere at 650 °C (21 – 26 nm).

Figure 3.7. BJH pore size distribution of the LiAlO2 powders after exposure to four different
atmospheres at 650 and 750ºC.

BET measurements (Table 3.2) and BJH pore size distribution (Figure 3.7) show the
specific surface area and pore size distribution before and after exposure to Li/Na carbonate melt
in different atmospheres at 650 and 750 °C for 100, 200, and 500 h. The surface area of asprepared sample which is 22.4 m2/g is found to drop significantly at 650 °C after 100 h exposure
in 4% H2-3% H2O-N2, atmosphere with continued reduction at 750 °C after 500 h which is
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consistent with the rapid growth of LiAlO2 crystallite as shown by the SEM images in Figure 3.4.
Under 100% N2 atmosphere, the surface area remained significantly unchanged initially up to
200 h at 650 °C and slightly decreased after 500 h due to some coarsening. At 750 °C, the
surface area significantly decreased after 100 to 500 h which confirms particle coarsening as
shown in Figure 3.6. BJH pore size distribution (Figure 3.7) also shows that the pore volume
decrease in lower PCO2 and higher temperature and exposure time. Especially, in 4% H2-3%
H2O-N2 atmosphere the pore volume is rapidly reduced even after 100 h at 650 °C.
Table 3.2. BET surface area of samples exposed to various atmospheres at 650 and 750 °C for 100,
200, and 500 h, respectively.

Atmosphere

Time
(hours)

650 °C

22.4 m2/g
3.3 ± 1.8
0.2 ± 1.1
2.6 ± 1.5
0.1 ± 0.5
2.0 ± 1.3
0.003 ± 1.7
20.9 ± 0.3
8.7 ± 0.5
20.1 ± 0.4
3.1 ± 0.3
18.3 ± 0.2
1.1 ± 0.4
21.8 ± 0.5
20.5 ± 0.6
20.0 ± 0.8
20.6 ± 0.5
21.0 ± 0.4
19.0 ± 0.5
21.7 ± 0.4
22.4 ± 0.8
22.5 ± 0.5
21.3 ± 0.3
20.1 ± 0.3
21.0 ± 0.6

As-prepared
4% H2-3% H2O-N2

100% N2

4% H2-30% CO2-N2

70% air-30% CO2

750 °C

100
200
500
100
200
500
100
200
500
100
200
500
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Figure 3.8. SEM images and FIB TEM results of LiAlO2 after experiments in Li/Na carbonate
under 4% H2-3% H2O-N2 atmosphere at 650 °C for 500 h. (a) FIB cross section, (b) STEM image,
(c) TEM image and SAED patterns (d) along the [01̅ 1] direction and (e) along the [010] direction.

TEM analysis was performed for the LiAlO2 sample exposed to 4% H2-3% H2O-N2
atmosphere at 650 °C for 500 h. Prior to FIB preparation of the cross-sectional TEM sample, a
platinum layer was deposited on the surface to protect the sample from sputtering and irradiation
damage. FIB images (Figure 3.8 a) show the presence of relatively smaller particles located on
the surface as well as inside the coarsened particle (arrow in Figure 3.8 b). Figure 5c shows a
conventional low-resolution TEM image for a view of the sample surface region showing the
presence of relatively smaller particle (~350 nm) on the surface of micro-sized particle. SAED
patterns taken from the area of the micro-sized particle, shown in Figure 3.8 d, suggests that the
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crystal is tetragonal γ-LiAlO2 with zone axis [01̅1]. The nano-sized particle embedded on the
surface of micro-sized particle was of a truncated octahedron pyramid-shape with a width of ca.
245 nm (along the a-axis) and a thickness of ca. 321 nm (along the c-axis) and its SAED pattern
shown in Figure 3.8(e) shows that the crystal is tetragonal γ-LiAlO2 with zone axis [010]. The
interfacial angle between (400) and (404) was calculated to be 127º. Interestingly, this angle is
close match with the hexagonal-shaped particle shown in Figure 3.8(c), suggesting that the
particle exhibits flat surfaces of (100) and (101). The sample exposed to 4% H2-3% H2O-N2
atmosphere at 650 °C for 500 h is, therefore, characterized by a truncated octahedron pyramid
which is enclosed by four equivalent {101} facets and two equivalent {100} facets [28]. Using
the Scherrer equation, the crystallite size of (101) and (100) planes were calculated to be 262 and
225 nm, respectively, which are in close agreement with the experimental results from HRTEM
image (Figure 3.8 c).
3.4.2 High PCO2 and low & high PO2
Figure 3.9 displays XRD patterns and surface morphologies of samples obtained after
500 h exposure in 4% H2-30% CO2-N2 and 70% air-30% CO2 atmosphere at 750 °C,
respectively. It is observed that there is no change in XRD pattern when compared to as-prepared
sample. It is also observed that samples show no agglomeration and changes in surface
morphologies. Comparison of the specific surface area (Table 3.2) also indicates that the sample
exposed to 4% H2-30% CO2-N2 and 70% air-30% CO2 atmosphere remained unchanged with
increase in the operation time and exposure temperature.
Reversible phase transformation is not postulated during exposure to atmospheres
containing carbon dioxide (acidic atmosphere), hence, maintaining the stability of crystalline αLiAlO2 during the 500 h tests.
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Figure 3.9. XRD patterns (a) and surface morphologies of LiAlO2 after experiments in Li/Na
carbonate in 4% H2-30% CO2-N2 (b) and 70% air-30% CO2 (c) atmospheres at 750 °C after 500 h.

The crystallite size in samples exposed to 4% H2-30% CO2-N2 and 70% air-30% CO2
atmosphere are found in the range of 20-26 nm and 19-25 nm, respectively and α-LiAlO2 phase
remained stable at both 650 and 750 °C indicating that crystallite size does not exceed the critical
size of 30 nm and thus phase transformation does not occur (see Table 3.1).
In the cell environment, the fuel gas usually consists of H2-CO2-H2O on the anode side
and air-CO2 on the cathode side. However, during large cell operation, the local exposure
conditions changed significantly because of leaks and micro-cracks within the matrix. And the
gas environments could be various in high and low partial pressures of O2 and CO2. In this study,
four different atmospheres are selected to represent a cell environment conditions, including the
local exposure area within the matrix as shown in Figure 3.10. We found that the structure and
morphologies of LiAlO2 in Li/Na carbonates is stable in high partial pressure of CO2 at both high
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and low PO2. However, the phase transformation and particle coarsening has been observed in
low partial pressure of CO2 and the partial pressure of O2 had a little impart on that.

Figure 3.10. Role of exposure atmospheres on particle coarsening and phase transformation

The particle coarsening of LiAlO2 accelerated in low partial pressure of CO2 and high
temperature [29]. The dissolved LiAlO2 dissociates into Li+ and AlO2- (Eq. 3.3) in molten
carbonate (M2CO3, M=Li, Na) and subject to thermal decomposition.
LiAlO2 → Li+ + AlO2-

(3.3)

M2CO3 → 2M+ + O2- + CO2

(3.4)

LiAlO2 + O2- → Li+ + AlO33-

(3.5)

At low PCO2, productions of M+ and O2- are favored as shown in reaction (Eq. 3.4). Thus,
with increasing the concentration of O2- ions in the molten carbonate, LiAlO2 tends to dissolve
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and form AlO33- (Eq. 3.5) and the atoms or ions released redeposit at larger particles, which
accelerates crystal growth (Dissolution-deposition mechanism) as shown in Figure 3.11.

Figure 3.11. A schematic depicting particles coarsening.

The LiAlO2 particle exposed to 4% H2-3% H2O-N2 and 100% N2 atmosphere at 750 °C
show the formation of octahedral pyramidal shaped γ-LiAlO2 phase. Similar to the equilibrium
shape of Co3O4 crystals predicted by Wulff construction from surface energy calculations [30],
the crystal structure might consist of eight {111} facets, which is in agreement with SAED
patterns taken from the area of the micro-sized pyramidal shape as shown in Figure 3.6.
3.5

Conclusions
Structural stability of α-LiAlO2 synthesized by conventional ceramic processing

technique has been studied under simulated MCFC operating conditions in the presence of
molten Li2CO3-Na2CO3 electrolyte. In lower PCO2 and PO2 atmospheres, rapid transformation of
α-LiAlO2 to γ-LiAlO2 phase and particle coarsening occurs with increase in temperature. Large
pyramid shape particles confirm the presence of γ-LiAlO2. In atmospheres containing higher
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PCO2 and lower PO2 as well as higher PCO2 and higher PO2, no reversible phase transformation
proceeds and the crystalline phase of α-LiAlO2 remains stable with increasing temperature and
time.
3.6
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CHAPTER 4.
RIPENING

CRYSTAL GROWTH OF LIALO2 BY OSTWALD
AND

ORIENTED

ATTACHMENT

IN

MOLTEN

CARBONATES

4.1

Abstract
The structure and morphologies of LiAlO2 are altered under acidic and basic conditions

affected by variation of the partial pressure of carbon dioxide in the presence of molten
carbonate salts. By a decreasing the partial pressure of CO2 in humid hydrogen atmospheres,
crystal growth of LiAlO2 is observed by transmission electron microscopy. Large reduction in
the PCO2 leads to accelerated crystal growth by Ostwald Ripening, where dissolved nucleation
contributes to continuous precipitation on larger particles to grow larger.

The process is

accompanied by the phase transition from rhombohedral LiAlO2 (R-3m) to tetragonal LiAlO2
(P41212) through intermediate phase of orthorhombic Li5AlO4. However, with only a slight
reduction in the PCO2 concentration in the gas atmosphere, two or more grains are more likely to
attach each other, and atomic rearrangement allows crystals to grow without phase
transformation. In this chapter, we present the results of solubility of α-LiAlO2 in the eutectic
52:Li2CO3:48Na2CO3 (mol. %) molten salt in a range of gas atmospheres (PCO2 in 4%H23%H2O-N2 balance) and to study the related mechanisms of LiAlO2 crystal growth.
4.2

Introduction
Layered α-LiAlO2 is a class of materials which has a hexagonal crystalline structure with

the R3̅𝑚 space group [1,2]. A number of materials with the R3̅𝑚 structure, such as LiCoO2,
LiNiO2, NaMnO2 have been reported for use as cathode materials in rechargeable batteries
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because of their high energy density and high reversible capacity [3,4,5]. Recently, α-LiAlO2 has
been demonstrated to enhance the electrochemical performance of electrodes in lithium-ion
batteries because it improves discharge rate capability and provides excellent cycling
performance [6,7]. Besides the rhombohedral α-LiAlO2, a tetragonal γ-polymorph is known to
exist in crystal structure forming a three-dimensional network of distorted LiO4 and AlO4
tetrahedron with the 𝑃41 21 2 space symmetry [8]. The γ-LiAlO2 has extensively explored for
applications as an electrode coating for lithium ion batteries [9], as a substrate material for
epitaxial growth of III-V semiconductors [10], and a tritium-breeder material in fusion reactors
[11,12].
In the molten carbonate fuel cells, α-LiAlO2 plays a role of retaining the liquid electrolyte
in the matrix and preventing the gas crossover with fine pore structure and capillarity. Particle
coarsening accompanied by phase transformation to γ-LiAlO2 in electrolyte, occurring during
long term operation, causes in-cell electrolyte depletion and migration due to the difference in
pore size and density [13]. The phenomena for the particle coarsening and phase transformation
of LiAlO2 have been widely reported since their observation [14]. For example, Kim et al.,[15]
reported that small sized LiAlO2 particles dissolve in molten carbonate and deposit onto the
surfaces of larger sized ones which have a lower solubility. Takizawa et al., [16] reported the
LiAlO2 phase transformation with different particle size in air and carbon dioxide atmospheres.
However, the growth behavior, which can be directly linked to the phase transitions, is still a
challenge that needs to be addressed with a rising need for more detailed evidence.
Here we report the growth of LiAlO2 particles in liquid electrolyte using various partial
pressure of carbon dioxide in a reducing atmosphere. The trends in growth behavior of LiAlO2
are related to the solubility, particle size distribution, and phase stability. We further propose that
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by analyzing extensive morphological characterization using electron microscopy, the
mechanism of LiAlO2 particle growth can be inferred.
The crystal growth of LiAlO2 described in this article can occur through two
fundamentally different mechanisms, which is Ostwald ripening and oriented attachment. One
key difference between the Ostwald ripening and oriented attachment mechanisms is the
dependence of solubility, particle size and the number of particles [17]. Ostwald Ripening is a
thermodynamically driven process in which smaller crystals dissolve and coalesce onto the
surface of larger crystals, resulting in the decrease in concentration of solution by the
consumption of dissolved species, thereby leading to an increase in particle size, and the
decrease in the number of particles [ 18 , 19 ]. The oriented attachment is a more recently
established growth mechanism in which adjacent particles orient themselves spontaneously to
seek a coherent crystalline facet with adjacent particles to reduce the total surface energy, which
is less dependent on solubility and particle size distribution [ 20 ]. This orientation can be
followed by atomic rearrangement until the crystallographic orientation of the two crystals match
or until a twin match [19]. We have investigated solubility, particle size distribution, and
crystallite onto the surface and interface of coalescent particles to understand the crystal growth
mechanism.
4.3

Experimental

4.3.1 Experimental
The solubility of LiAlO2 was measured in a mixture of 52/48 mol% Li2CO3 and Na2CO3.
The α-LiAlO2 powder provided from FuelCell Energy Inc. The mixture of Li2CO3 (> 99.0%
pure, Sigma-Aldrich) and Na2CO3 (> 99% pure, Sigma-Aldrich) were pre-melted at 500 °C.
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About 1 g of a LiAlO2 powder and 35 g of Li/Na carbonate were put in a platinum crucible (99%
pure, 30 mL, Sigma-Aldrich). The pot was placed at an alumina tube and sealed with a metal top.
The alumina tube was placed in a furnace and heated up to 650 °C as rate of 3 °C/min. The
temperature of the furnace was set to a constant value for each experiment. The temperature of
the melt was monitored with Pt 10 wt. %/Ph 90 wt. % (ISA Type S Thermocouple) probe in an
alumina tube submerged into the electrolyte. The solubility tests were conducted at 650°C under
controlled atmospheres (100 cc/min) comprising of 4% H2-30% CO2-3% H2O-N2 balance,
4% H2-0.5% CO2-3% H2O-N2 balance, and 4% H2 – 3% H2O-N2 balance. The steams were
introduced by bubbling gas through water at 25 °C. The gas mixture was bubbled into the
electrolyte through a gold foiled (99.9975 % pure, Alfa Aesar) alumina tube (>99.5 % pure) to
avoid reaction between electrolyte and alumina tube. The experimental schematic is shown in
Figure 4.1.
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Figure 4.1. Schematic of experiment set up for solubility

Samples were obtained every 100 h (and every 25 h within the first 100 h) for ICP
analysis and the solubility experiments proceeded until the solubility reach equilibrium through
ICP (~1100 h). After the completion of the experiments, every LiAlO2 powder was washed with
a mixture solution of glacial acetic acid (> 99.5%, Sigma-Aldrich) and acetic anhydride (> 99%,
Sigma-Aldrich) to dissolve carbonates. Subsequently, LiAlO2 powder was filtered through a
filter paper (0.1 μm diameter pore) using a vacuum-assisted filtration. The powder cake formed
on the filter paper was washed with isopropanol alcohol and then dried at 120 °C for 4 h for
characterization.
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4.3.2 Solubility measurement procedure

Figure 4.2. Preparation for obtaining solubility sample

Electrolyte samples were taken from the melt every 100 h for solubility measurement.
Before the sampling of the melts, the gas bubbling tube was removed from the melt in order to
sink the LiAlO2 particles to the bottom. A small amount of the melt (100 – 250 mg) was
extracted via a gold foiled alumina tube. After solidification of the melt at room temperature it
was weighed and dissolved with a mixture solution of glacial acetic acid (> 99.5%, SigmaAldrich) and acetic anhydride (> 99%, Sigma-Aldrich). The aluminum content in each sample
was measured via inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer ELAN
6000). To compare the results, eight reference samples were measured each time to check the
reproducibility and to get a practical detection limit. The Al content in the reference samples
varied between 10 × 10-5 and 1.0 mg/ml. The measured weight fraction was recalculated to mole
Al per total amount of moles of salt and Al.
4.3.3 Characterization
Lattice structure and phase identification were performed by X-ray diffraction (XRD)
technique at room temperature using a Bruker D8 Advance system with Cu Kα radiation (λ=
1.5406 Å). The data were acquired over an angular range of 10° < 2θ < 80° with a scan step of
0.02°. Surface morphologies were obtained using an FEI Quanta 250 FEG HRSEM with a field
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emission source and images using an Everhart-Thornley SE (secondary electron) detector with
an electron accelerating voltage of 10 kV and a sample height of 10 mm. Sample for
transmission electron microscopy (TEM) was prepared by a focused ion beam (FIB) instrument
(FEI Strata 400s Dual Beam FIB), combined with a scanning electron beam and an ion beam.
The dual beam gives high-resolution imaging of the sample while the ion-beam milling proceeds.
Energy dispersive high resolution transmission electron microscopy (HR-TEM) images were
collected using JEOL JEM-2010 FasTEM with an accelerating voltage of 200 kV.
4.4

Results and discussion

4.4.1 LiAlO2 Solubility
To shed light on the growth mechanism of the LiAlO2, we consider the dissolution in
molten carbonate melts. The LiAlO2 dissolution in molten carbonate melt has been reported to
largely depend on exposure temperature, electrolyte composition, and the partial pressure of
carbon dioxide [21]. The solubility of LiAlO2 is generally related to the oxide ion concentration
in the melt. For the molten carbonate, an acid-base equilibrium is set up among the carbonate
anion, carbon dioxide, and the oxide ion with the equilibrium constant, K1, of the acid-base
reaction (eq. 4.1) can be described as follows.
CO32- (l) ↔ CO2(g) + O2-(l),
(4.1)
2-

K1 = PCO2·[O (l)]
The lower partial pressure of carbon dioxide increases the concentration of O2- in acid-base
equilibrium of molten carbonate represented by equation 4.1 and the LiAlO2 tends to dissociate
into Li+ and meta-aluminate ion (AlO33-) as shown in equation 4.2 that results in an increase in
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the solubility of LiAlO2 as the basicity becomes higher. The equilibrium constant, K2, of the
reaction can be also expressed as follows.
LiAlO2(s) + O2-(l) → Li+(l) + AlO33-(l),
(4.2)
K2 = [AlO33-]/[O2-]
Thus, the solubility of LiAlO2 can be expressed as follows.
[AlO33-] = K1·K2 / PCO2

(4.3)

In order to understand the dissolution of LiAlO2 in molten carbonate, we have measured
the solubility of α-LiAlO2 in the eutectic binary carbonate melt 52Li2CO3:48Na2CO3 (mol. %) as
a function of PCO2 in hydrogen containing reducing atmospheres. Figure 4.3 shows the dissolved
aluminum mole fraction in the molten salt. At PCO2 = 0.3 atm, the LiAlO2 continuously dissolved
in the melt up to 21×10-6 mol% and eventually reached saturation after 700 hours. At lower PCO2
condition (PCO2 = 0.005 atm.), the dissolution rate was found rather fast and LiAlO2 dissolved
significantly within very short time (~100 hours) reaching a plateau. The results indicate faster
dissolution rate in lower PCO2, in agreement with LiAlO2 dissolution reaction (eq. 4.1-4.3) [22].
The solubility in much lower PCO2 condition should be much higher and faster in terms of the
dissolution reaction. However, the solubility in much lower PCO2 (1× 10-7 atm.) shows the results
are inversely proportional, showing that there are some other aspects to determine the solubility.
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Figure 4.3. LiAlO2 solubility in the mixture of 52Li2CO3/48Na2CO3 mol. % at 650ºC as a function of
time. Black symbols PCO2 = 0.3 atm, blue symbols PCO2 = 5 ×10-3 atm, red symbols PCO2 = 1 × 10-7
atm. The solid lines are the prediction of solubility by fitting procedure.

4.4.2 Crystallinity and particle size distribution of the LiAlO2
We have investigated the particle size distribution and crystallinity of the LiAlO2
following solubility experiment exposure to various PCO2 in a reducing atmosphere. Figure 4.4
shows the TEM images and particle size distributions of the products under different reaction
conditions and the corresponding XRD patterns.
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Figure 4.4. (a) XRD, (b-e) TEM images and particle size distribution of as prepared sample and the
products after solubility at PCO2 = 0.3, 0.005, and 1× 10-7 atm.

In as-prepared LiAlO2, the particle size is mainly dominated by 10-50 nm particles with
the particle size distribution centered around 30 nm and it is little changed after exposure to PCO2
= 0.3 atm. At lower pCO2 condition (PCO2 = 0.005 atm.), the TEM image indicate that most of
particles become larger and a string of the particles with the length over 200 nm is superimposed,
resulting in an increase of crystallinity of α-LiAlO2 phase and the emergence of

minor

crystalline tetragonal γ-LiAlO2 phase as shown in XRD patterns (Figure 4.4a). The particle
growth and phase transformation proceeds more aggressively in even lower pCO2 condition
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(PCO2 = 1.0 × 10-7 atm), showing that particles smaller than 30 nm almost disappears while larger
200 nm particles appear with definitive characteristics of the γ-LiAlO2 phase. The SEM images
(Figure 4.5, e-h) and TEM images (Figure 4.6) also show that the particles are grown to
micrometer-size.

Figure 4.5. SEM images of (a) as-prepared α-LiAlO2 powder and the products after solubility
exposure to (b) PCO2 = 0.3 atm, (c,d) PCO2 = 5 ×10-3 atm, and (e-h) PCO2 = 1 × 10-7 atm.
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Figure 4.6. TEM images of the products after solubility exposure to PCO2 = 1 × 10-7 atm.

4.4.3 Particle growth by Ostwald Ripening
In terms of the dissolution reaction and solubility results, this particle growth might be
because the smaller LiAlO2 particles dissolve aggressively into molten carbonate melts in very
low PCO2 environment and larger ones could absorb the surrounding supersaturated solution to
grow larger, leading to the decrease in [AlO33-] concentration in the melts, which is in agreement
with the Ostwald ripening process. According to Ostwald ripening, smaller particles have a
higher solubility and lager ones have a lower solubility as following Gibbs-Thomson (or
Ostwald-Freundlich) equation [23,24].
𝑙𝑛 [

𝑐(𝑟)
2𝛾𝑉
]
=
𝑐∗
𝑅𝑇𝑟

(4.4)

Where c(r) is the solubility of LiAlO2 particle with radius r, c* is the normal equilibrium
solubility, γ is the surface energy of LiAlO2 particles with radius r in contact with the electrolyte,
V is the molar volume, R is the gas constant, T is the temperature, and r is the radius of
individual LiAlO2 particles. According to the equation 4.4, the solubility is inversely
proportional to the radius of the LiAlO2 particles, which is agreement with the result of LiAlO2
solubility in lower PCO2 condition (PCO2 = 1.0 × 10-7 atm) in molten salts as shown in Figure 4.3.
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Figure 4.7. (a) Cross-sectional TEM image of the FIB-lifted LiAlO2 sample exposed to pCO2 = 1×
10-7 atm. Insert is corresponding SAED showing γ-LiAlO2 axis direction [010]. (b, c) the magnified
images of the red and blue regions marked in (a) and (b), respectively. (d, e) HRTEM image of
region I of (c) and corresponding FFT patterns. (g, h) HRTEM image of region II of (c) and
corresponding FFT patterns. (f, i) Crystal model of α-LiAlO2 and γ-LiAlO2, respectively. Denote α
represents α-LiAlO2 and γ; γ-LiAlO2.

To verify the dissolution and precipitation on the larger particles via the Ostwald
ripening, a LiAlO2 sample exposed to PCO2 = 1× 10-7 atm was lifted by focused ion beam (FIB)
to investigate the cross section of the LiAlO2 particle by TEM (Figure 4.7). The structure of
octahedral LiAlO2 particle was initially investigated, as shown in Figure 4.7 (a). The selected
area electron diffraction (SAED) pattern taken from the area of the grown particles, shown in the
insert in Figure 4.7 (a), suggests that the crystal is tetragonal γ-LiAlO2 with zone axis [010]. In
addition, it has been observed that a few hundreds of particles are deposited on the surface of
octahedral γ-LiAlO2 particle, which is further contained diverse forms of nanaocrystals as
indicated by the red and blue boxes in Figure 4.7 (a-c). These nanocrystals are the evidence of
the crystal growth by Ostwald Ripening because the nanocrystals are much less than the initial α-
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LiAlO2 powder indicating that the LiAlO2 crystals are dissolved in the carbonate melt and
agglomerated together to form large clusters that are deposited onto the large octahedral γLiAlO2 particle to grow much larger. When we examine the nanocrystal selected from region I of
Figure 4.7 (c), the magnified HRTEM image (Figure 4.7d) indicates interplanar spacing of 0.24
nm corresponding to the {100} planes of rhombohedra α-LiAlO2. The plane positions and the
observed angles between them are labeled in the FFT image (Figure 4.7e), which agrees well
with the theoretical values of the rhombohedra α-LiAlO2. HRTEM image and FFT pattern as
seen in Figure 4.7 (g) and (h), selected from region II in Figure 4.7 (c) shows that it belongs to
tetragonal γ-LiAlO2 with interplanar spacing of 0.26 nm and 0.27 nm, which are matched well
with (020) and (102) planes, respectively. These results indicate that dissolved species in the
carbonate melt such as Li+, AlO2-, AlO33- could form the α- and γ-LiAlO2 crystal nuclei and the
final γ-LiAlO2 crystal of large octahedral particle is determined by the interaction between a
dissolved species and crystal nuclei where deposition takes place that is a phenomenon referred
to as Ostwald’s Law [25].
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Figure 4.8. (a) TEM images of large coalescent Li5AlO4 particle obtained after exposure to PCO2
=1.0 × 10-7 atm. (b) An enlarged HRTEM image (region: red box of (a)) showing twinned structure
and precipitation of dissolved nucleation on the surface of coalescent α-Li5AlO4 particle and
corresponding FFT patterns.

We have also observed the intermediate phase, Li5AlO4 which has a twinned structure at
the particle resulting from the coalescence of the particles. The dashed lines marked in Figure 4b
represent twin boundaries in the coalescent α-Li5AlO4 particles, which usually form a coherent
interface between coalesced particles. The three twinned sections show a similar lattice fringe
distance of 0.37 nm assigned to orthorhombic Li5AlO4 (112) planes. In addition, crystals smaller
than 5 nm are attached to the surface of coalescent particles (red circle in Figure 4.8b) indicating
that dissolved species were absorbed on coalesced particles to grow larger.
Our results suggest the possible reactions of the intermediate phase in molten carbonate.
At low PCO2 environment, Li2CO3 decompose into CO2 and Li2O and the dissolved Li2O migrate

87

to the surface of LiAlO2 particles and react to generate Li5AlO4 by reaction 4.5 and 4.6, leading
to the particle growth.
Li2CO3 → Li2O + CO2 (g)

(4.5)

LiAlO2 + 2Li2O = Li5AlO4

(4. 6)

The intermediate α-Li5AlO4 is postulated to react with surrounding CO2 to develop the final
structure, γ-LiAlO2 through reaction 4.7.
α-Li5AlO4 + 2CO2 = γ-LiAlO2 + 2Li2CO3

(4.7)

The possible process of phase transformation through intermediate accompanied by
particle coarsening is proposed as schematically shown in Figure 4.9. Note that molten
carbonates are mostly consumed during the LiAlO2 solubility tests under PCO2 = 1.0 × 10-7 atm.
within 400 hours in accordance with the mechanism of Li2CO3 decomposition. Thus, the crystal
growth could proceed through a multistep pathway involving coalescence of the particles and
structural transformation forming intermediates that are transformed to give the final crystalline
structure.
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Figure 4.9. The proposed process of phase transformation and particle coarsening.

4.4.4 Particle growth by Oriented Attachments
Figure 4.10 (a) shows TEM image of the as-prepared LiAlO2 crystals. The fringes are
indexed according to the generated fast Fourier transform (FFT) patterns (Figure 4.10b). Figure
4.10 (c) shows high-resolution TEM analysis of the LiAlO2 crystal with clear crystalline lattice
fringes. The fringe spacing of 0.23 nm corresponds to the {012} planes, while the fringe spacing
of 0.47 nn corresponds to the {003} planes of α-LiAlO2 crystals. The angle between (003) and
(012) in both the HRTEM and FFT images is calculated to be 108°, which is identical to the
theoretical value for the angle between the {012} and {001} facets as shown in the atomic model
at the bottom. Further TEM images (Figure 4.11) of the as –prepared LiAlO2 crystals also show
that the primary particles belong to rhombohedral α-LiAlO2 crystals.

89

Figure 4.10. (a) A TEM image of as-prepared α-LiAlO2 particle (b) The corresponding Fourier
transform pattern of the same region as (a). (c) A HRTEM image of the particle in (a). The
expanded HRTEM image is given with the atomic model illustrated at the bottom, where green dots
represent Li, purple Al, and red O.
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Figure 4.11. TEM and HRTEM images of as-prepared α-LiAlO2 particles and the corresponding
Fourier transform pattern are inserted in the each HRTEM images.

91

Figure 4.12. Analysis of the attachment process with HRTEM. (a,b) Low and high magnification
TEM images showing the attachment of two α-LiAlO2 particles between the region I, II and III. (c)
The corresponding fast Fourier transform (FFT) pattern. HRTEM images with lattice fringe
resolution show the crystal lattice mismatch (d) between the region I and II and (e) within region I.
(f) HRTEM image with lattice resolution for the oriented attachment region between I and III.
Continuous lattice fringes with d spacing of 0.47 nm correspond to the {003} lattice of the α-LiAlO2
crystal structure.

In the products obtained after exposure to PCO2 = 0.3 atm, attachment of individual αLiAlO2 particles are observed by TEM (Figure 4.12). To identify the crystallographic planes and
orientations of the coalescent α-LiAlO2 crystals, three different regions: are examined closely.
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Magnification of the boundary (Figure 4.12d) reveals a clear lattice mismatch between two
{003} lattice in different angle and the interplanar angle between them is measured to be 108°
and corresponding FFT image (Figure 4.12c) from the two crystals also verify the angular
relationship between the two crystallites. Atomic arrangement at the bottom of Figure 4.12 (d)
shows that the (003) lattice of region I is aligned along (012) lattice of region II area and the
interplanar angle between (003) and (012) is measured to be 108°, indicating that the two planes
place likely on the same lattice match. This lattice arrangement is feasible as the interplanar
spacing of the (012) planes (𝑑012 = 0.23 𝑛𝑚) is nearly one-half of the spacing of the (003)
planes (𝑑003 = 0.47 𝑛𝑚). The angular relationship is similar to the twin configuration observed
in a LCO thin film such that the structure may be envisioned as a series of twins [26].
Co-existence of two (003) fringes with the interplanar angle of 108° within region I
(Figure 4.12e) are also identified as giving rise to growth of a set of (003) planes with the growth
direction aligned along the [012] direction of the base (003) planes. Figure 4.12 (f) reveals the
continuous lattice fringes (𝑑003 = 0.47 𝑛𝑚) spanning both particles, demonstrating alignment of
the crystal lattice during the attachment process. The continuous fringes of the (003) lattice
indicate that the oriented attachments of α-LiAlO2 grow larger. Additionally, within the same
sample, we found other particles, which are attached by twin boundaries (Figure 4.13). In low
PCO2 conditions (PCO2 = 0.05 atm), similar observations have been recorded but with larger
crystal size as shown in Figure 4.14.
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Figure 4.13. HRTEM images of the product after solubility in PCO2 = 0.3 atm.

Figure 4.14. TEM images show grown particles observed in exposure to PCO2 = 5 ×10-3 atm in
reducing atmosphere.

Consequently, the TEM results provide strong evidence that oriented attachment plays an
important role in the crystal growth. The high concentration of dissolved solute is postulated to
permit particles to freely diffuse, rotate, and interact until they achieve a perfect lattice match.
Defects on the aggregates are systematically recrystallized through atom diffusion and reduction
of remaining dissolved species to form strong crystalline form.
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4.5

Conclusions
The structure and crystallite size of layered α-LiAlO2 in the presence of molten salt

mixtures is influenced by the partial pressure of carbon dioxide in reducing atmosphere. Under
basic conditions representing lower PCO2 atmosphere, dissolved nucleation into liquid electrolyte
contributes to continuous precipitation giving rise to rapid crystal growth of LiAlO2. During the
Ostwald ripening, the crystal structure continuously changes as the crystallite grows, and the
final crystal formation occurs through a series of intermediate crystallographic phase, reflecting
the most thermodynamically stable polymorph for a given size. In acidic melt at higher PCO2, the
results suggest that dissolved LiAlO2 allows particles to freely diffuse and rotate until they
achieve a perfect lattice match. That allows the α-LiAlO2 crystal growth of a set of (003) planes
with the growth direction aligned along [012] direction by crystal rearrangement.
4.6
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CHAPTER 5.

COMBINED EXPERIMENTAL AND THEORETICAL

STUDIES OF SURFACE STRUCTURE AND MORPHOLOGY OF
LIALO2 CYRSTALS

5.1

Abstract
We investigated the surface stability and morphology of LiAlO2 as a representative matrix

material in molten carbonate fuel cell by utilizing electron microscopy and density functional
theory calculations. The experimental results show that the rhombohedral α-LiAlO2 transformed
to tetragonal γ-LiAlO2 under H2 atmospheric conditions. Electron microscopy analysis reveals
that the morphology of γ-LiAlO2 has bipyramid shape with predominated (101) surfaces. The
surface energetics computed using first-principles reveal the stabilization of {101} surfaces of
the γ-LiAlO2 under hydrogen-rich conditions, resulting in the octahedral shape. Moreover, the
significant increase in the surface energies of the α-LiAlO2, which are predominated surfaces, i.e.
(001), (012) and (104), upon introduction of H atoms could provide driving force for the
formation of γ-LiAlO2 crystals.
5.2

Introduction
LiAlO2 has been successfully used for decades as a matrix material in molten carbonate

fuel cells [1-5]. The surface reactivity of LiAlO2 in contact with electrolyte plays a key role in
cell degradation. The most pressing challenges to the practical, irreversible surface
reconstructions are phenomena related to surface instabilities affecting cell performance via
impedance rise and capacity loss [6,7].
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LiAlO2 exists in two different allotropic forms: the hexagonal α-LiAlO2 and tetragonal γLiAlO2. The structure of layered α-LiAlO2 materials (space group R3̅𝑚) can be interpreted as an
ordered rocksalt with alternate layers of lithium and metal ions occupying octahedral sites in a
cubic close-packed oxygen array with an ABCABC staking sequence [8]. A number of materials
with the R3̅𝑚 structure, such as LiCoO2, LiNiO2, NaMnO2 have been reported for use as cathode
materials in rechargeable batteries because of their high energy density and high reversible
capacity [9-13]. A DFT study on the structure of LiCoO2 found that the (104), (003), and (012)
surfaces are present in the equilibrium crystal shape. Other theoretical studies found that the
(104) surface has the highest stability among the nonpolar surfaces for LiCoO2 and LiNiO2, in
agreement with experimental findings [14]. Recently, it has been demonstrated that α-LiAlO2
enhances the electrochemical performance of electrodes in lithium-ion batteries because it
improves discharge rate capability and provides excellent cycling performance [ 15 , 16 ].
However, empirical and theoretical studies on the microstructure and crystal shapes of α-LiAlO2,
leading to its enhanced performance remain absent.
The γ-LiAlO2 exists in crystal structure forming a three-dimensional network of distorted
LiO4 and AlO4 tetrahedron with the 𝑃41 21 2 space symmetry [17]. The γ-LiAlO2 has been
extensively explored for applications as an electrode coating for lithium ion batteries [18], as a
substrate material for epitaxial growth of III-V semiconductors [ 19], and a tritium-breeder
material in fusion reactors [20-22]. Despite widespread use of the LiAlO2 there are only few
theoretical papers devoted to explicit DFT calculations of LiAlO2, with little understanding of
the surface structure and the morphology of this phase. To the best of our knowledge,
comprehensive theoretical studies to determine LiAlO2 particle morphologies, surface energies,
and surface terminations have not been conducted.
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In the present work, we investigated the surface properties at nanometric scale, based on DFT
theory. Faceted polyhedral crystals expose well-defined crystallographic planes, allowing for
sensible investigation into structure-reactivity relationships at practical conditions. The results
are compared with experimentally observed particle shapes of LiAlO2, exposed under various
conditions by high resolution TEM. Convergence of theory with high resolution electron
microscopy becomes especially productive for detailed understanding the habit of LiAlO2
crystals, their surface structure and for shape modeling as well.
From the thermodynamic point of view, the equilibrium shape of a nanocrystal is determined
by the free energies of various facets γhkl(n), and can be revealed by classic Wulff construction
that minimizes the total surface free energy at a fixed volume [23]. The Wulff shapes provide a
simple relation between the γhkl(n) energy of the (hkl) plane and its distance rhkl in the normal
direction n from the center of the crystallite [24]. In the case when the morphology of a crystal is
known from microscopic observations, γ(n) can be assessed iteratively until the resulting shape
matches the observed one, by using Wulff construction in the inverse fashion. In addition to the
thermodynamic driving forces, kinetics also plays an important role in determination of the
morphology in the real growth conditions.
5.3

Experimental

5.3.1 Sample Preparation
LiAlO2 was first immersed in a mixture of eutectic melt of composition 52 Li2CO3:48:
Na2CO3 (mol %). The α-LiAlO2 powder was obtained from FuelCell Energy Inc. The mixture of
Li2CO3 (> 99.0% pure, Sigma-Aldrich) and Na2CO3 (> 99% pure, Sigma-Aldrich) were premelted at 500 °C. About 1 g of a LiAlO2 powder and 35 g of Li/Na carbonate were put in a
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platinum crucible (99% pure, 30 mL, Sigma-Aldrich) and placed within a sealed, single closed
end alumina reactor. The alumina reactor was subsequently heated to 650 °C at 3 °C/min. The
furnace was set to a predetermined temperature for each experiment. The temperature of the melt
was monitored with Pt 10 wt. %/Ph 90 wt. % (ISA Type S Thermocouple) probe submerged into
the electrolyte. The exposure tests were conducted at 650°C under controlled atmospheres (100
cc/min) comprising of (1) air with PCO2=0.3 atm, (2) H2 with PH2O=0.3 and PCO2=0.3 atm, and
(3) H2 with PH2O=0.3 atm. (dictated by air/CO2, H2/CO2, and H2 partial pressures respectively).
After the completion of the experiments, LiAlO2 powder was washed with a mixture solution of
glacial acetic acid (> 99.5%, Sigma-Aldrich) and acetic anhydride (> 99%, Sigma-Aldrich) to
dissolve remaining carbonate electrolyte. Subsequently, LiAlO2 powder was filtered through a
filter paper (0.1 μm diameter pore) using a vacuum-assisted filtration. The powder cake formed
on the filter paper was washed with isopropanol alcohol and then dried at 120 °C for 4 h for
characterization.
5.3.2 Characterization
Lattice structure and phase identification were performed by X-ray diffraction (XRD)
technique at room temperature using a Bruker D8 Advance system with Cu Kα radiation (λ=
1.5406 Å). The data were acquired over an angular range of 10° < 2θ < 80° with a scan step of
0.02°. Surface morphologies were obtained using an FEI Quanta 250 FEG HRSEM with a field
emission source and images using an Everhart-Thornley SE (secondary electron) detector with
an electron accelerating voltage of 10 kV and a sample height of 10 mm. Sample for
transmission electron microscopy (TEM) was prepared by a focused ion beam (FIB) instrument
(FEI Strata 400s Dual Beam FIB), combined with a scanning electron and an ion beam. The dual
beam gives high-resolution imaging of the sample while the ion-beam milling proceeds. Energy
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dispersive high resolution transmission electron microscopy (HR-TEM) images were collected
using JEOL JEM-2010 FasTEM with an accelerating voltage of 200 kV.
5.3.3 First-Principles Calculations
Electronic structure DFT calculations were performed to study the role of surface
energies on the crystal shape, and the possible phase transformation empirically observed in
LiAlO2 under different conditions. DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) employing the Perdew-Burke-Ernzerhof exchange-correlation
functional and the projector-augmented wave methodology. The basis set includes all the plane
waves with kinetic energies up to 600 eV.
The initial bulk geometries were first relaxed to get bulk structures corresponding to the
two phases of LiAlO2. Using these structures, slabs with orientations (001), (012), (104), (110)
for the α- LiAlO2, and (001), (100), (110), (102), (302) and (101) for the γ-LiAlO2 phase were
constructed with a vacuum layer of 12 Å. The choice of the surfaces considered in each phase
was guided from SEM and HRTEM observations made in the present work, and due to the
expected low energy associated with stoichiometry surfaces with low Miller index. All atoms
were relaxed until the components of forces were smaller than 0.01 and 0.05 eV/Å in the case of
bulk and slab geometries, respectively.
The free surface energy (σ) was computed using the formulation:

s=

1
[ E - n eb ]
2 A slab
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(5.1)

where Eslab is the energy of the stoichiometric slab, εb is the per formula-unit energy of the bulk
LiAlO2, and n denotes the number of formula units of LiAlO2. Convergence studies of surface
energies with respect to number of LiAlO2 layers were also performed.
In order to capture the effect of various conditions studied empirically, relevant low
energy surfaces were further passivated with different concentrations of H atoms. Initial
structures in such cases were built by placing H atoms (in form of a monolayer) directly on top
or below the O atoms at a distance of roughly 1 Å. Further, the concentration of H atoms was
computed in terms of the percentage of the O atoms that were passivated by H atoms. The
surface energy of a H-passivated surface as a function of μH was computed using the
formulation:

s=

1
1
[Eslab - neb - nH (m H - mH 2 )]
2A
2

(5.2)

where nH is the number of H atoms, μH2 is the DFT computed potential energy of H2 molecule,
and μH is the variable chemical potential of H. The remaining terms are as described earlier.
5.4

Results and Discussion

5.4.1 Structure and morphology of LiAlO2 crystals
α-LiAlO2 crystallizes in the trigonal system (𝑅3̅𝑚, space group 166) adopting the αNaFeO2 structure. This structure can be interpreted as an ordered rock salt with consecutive
alternating [AlO2]- and Li+ layers; the Al3+ and Li+ ions are octahedrally coordinated in a cubic
close packed (ccp) O2- lattice, resulting in a rhombohedral structure. α-LiAlO2 has a primitive
cell containing one formula unit (4 atoms) exhibiting lattice parameters a = 2.800 Å and c =
14.216 Å. The occupied Wyckoff positions are 3a of Li, 6c of O and 3b of Al. LiCoO 2 has the
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same crystal structure as α-LiAlO2 [8]. The γ-LiAlO2 structure consists of LiO4 tetrahedra with
Li+ ions on corner-sharing octahedral positions and Li+ ions on edge-sharing octahedral
positions, the latter running parallel to the crystallographic b axis in the tetragonal symmetry
with the space group P41212 structure. γ-LiAlO2 have 4 formula units in each unit cell with 16
atoms with lattice parameters a = 5.1687 Å and c= 6.2679 Å. The occupied Wyckoff positions
are 4a of Li, 8b of O and 4a of Al [25]. The unit cell lattice parameters and atomic coordinates
are fully relaxed to find the equilibrium structure.
Figure 5.1a shows a X-ray diffraction pattern (XRD) and a scanning electron microscopy
(SEM) image of the as-prepared LiAlO2 powder by solid-state synthesis method reported by
previous study in our group [26]. The as-prepared powder can be indexed to pure rhombohedra
α-LiAlO2 phase (JCPDS no. 74-2232) with the morphology of agglomerated nano-spherical
particles. The morphology, structure, size uniformity, and crystallinity of the LiAlO2 crystals in
electrolyte were dependent on the various exposure atmosphere conditions, such as hydrogen and
carbon dioxide. The as-prepared α-LiAlO2 was exposed to air/CO2, H2/CO2, and H2 in liquid
electrolyte at 650 °C. The crystal structures and morphologies of the LiAlO2 obtained after each
test studied by XRD and SEM are as shown in Figure 5.1(b-d). The α-LiAlO2 remained
unchanged in air/CO2 condition (Figure 5.1b). The impact of the introducing H2 gas while
maintaining the PCO2 (a H2/CO2 mixture) shows the increase in crystallinity of α-LiAlO2 phase,
in particular, in the (003) planes, as we can see from the peak intensity of the XRD pattern of αLiAlO2 (Figure 5.1 c-1), presuming that the introduction of hydrogen affect the (003) plane.
With aggressive hydrogen environment with no PCO2, the peak intensity of α-LiAlO2 has been
significantly reduced while the γ-LiAlO2 phase with strong peaks distinctly in the (101), (102),
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and (200) planes have been detected. We also found particle growth with octahedral
morphologies (Figure 5.1d).

Figure 5.1. XRD patterns and SEM images of (a) as-prepared α-LiAlO2, exposure to different gas
atmospheres; (b) air/CO2, (c) H2/CO2, and (d) H2. Rhombohedra α-LiAlO2 (JCPDS No. 74-2232)
and tetragonal γ-LiAlO2 (JCPDS Nol 73-1338) phases are indexed. The XRD intensity of (d-1) has
been reduced to one-fifth.
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5.4.2 Surface structure and morphology of γ-LiAlO2
Figure 5.2 (a) shows the octahedral LiAlO2 particle with a size of 50μm observed when
the sample was exposed to a H2 environment. Enlarged SEM image (Figure 5.2b) taken from the
region of the particle surface (red box in Figure 5.2a) reveals that the rough surface is filled with
nano-sized particles. To understand the fundamental origins of the morphology of the octahedral
particles, the crystal structures were investigated by transmission electron microscopy (TEM).
For the TEM analysis, the sample was lifted by a focused ion beam (FIB) to produce a thin film,
in which a cross section of the octahedral morphology (Figure 5.2c). Figure 5.2 (d) shows a
conventional low-resolution TEM image for a view of the sample surface region showing the
presence of relatively smaller particles on the surface of the octahedral micro-sized particle.
Selected area electron diffraction (SAED) patterns taken from three regions of the micro-sized
particle (indicated by I, II, and III), shown in Figure 5.2d, suggests that all the crystals belong to
the tetragonal γ-LiAlO2 phase with zone axis [010], meaning that this particle is comprised of a
single γ-LiAlO2 crystal. The TEM analysis reveals that γ-LiAlO2 is dominantly terminated with
{101}, {100}, and {102} planes. From the SEM and TEM results, we can expect that the γLiAlO2 particle morphology would be a perfect octahedral by {101} surface as shown in Figure
5.2f.
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Figure 5.2. LiAlO2 exposure to H2 atmospheres observed by SEM (a and b) and FIB image (c) after
cut the sample by the direction of the dot line in (a). (d) TEM image and SAED showing γ-LiAlO2
placed on (101) surfaces. Corresponding Wulff construction is shown in (f).
Table 5.1. DFT computed free surface energies of different stoichiometric orientations of γ-LiAlO2.

Facet

γ-LiAlO2 (J/m2)

(001)

1.568

(100)

1.279

(110)

1.502

(101)

1.551

(102)

1.692

(302)

1.529
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From both the X-ray and electron diffraction studies it is clear that the as-deposited αLiAlO2 transforms to the γ-LiAlO2 when exposed to H2 gas. The higher the concentration of H2,
the higher the volume percentage and the larger the size of the γ-LiAlO2 crystallites are. Next we
use DFT-based computations to understand the shape of the γ-LiAlO2 crystals formed, and
ascertain possible reasons for the formation of the γ-LiAlO2 under the higher H2 conditions.
Table 5.1 presents the free surface energies of different stoichiometric orientations
considered in this study. While many surfaces can be seen to have competing surface energies,
the (100) surface was found to have the lowest free surface energy. This is in agreement with the
TEM analysis of presence of {100} surface terminations. However, TEM analysis further
revealed dominant presence of other surfaces, such as, {101}, {110} and {102}. This is contrary
to the DFT predictions of these surfaces having relatively higher energies.

Figure 5.3. Schematic representation of the top layers of {101} surface (a) and {110} surface (b) of
γ-LiAlO2. H atom adsorption on {101} surface (c) and {110} surface (c) of γ-LiAlO2. Green: Li, blue:
Al, red: O, and white: H.
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Closer structural inspection of the {101} and the {110} surfaces revealed that these
surfaces contain relatively higher number of broken Al-O and Li-O bonds, thus, resulting in
higher surface energies as shown in Figure 5.3. However, under the experimental conditions
studied in the present work there is an excess of H2 gas that could possibly passivate these
“dangling” bonds. Therefore, we studied the energetics of various γ-LiAlO2 surfaces passivated
with varying concentration of H atoms (Figure 5.4). The H 100% means that the entire surface is
covered with hydrogen atoms, H 50% indicates only half of H atoms covered on the surface and
H 0% is free surface energy without H atoms on the surface.

Figure 5.4. DFT computed surface energies of different stoichiometric orientations γ-LiAlO2
passivated with H.
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Figure 5.5. Overall γ-LiAlO2 surface energies represented at the lowest values for each facet as a
function of ∆µ(H) and equilibrium morphologies viewed from side (up) and top (down) direction at
five different ∆µ(H).

As evident from Figure 5.5, the surface energy of {101} is lowest at H-rich conditions,
followed by that of {110} surfaces. Wulff construction plots based on these H-passivated surface
energies match well with the TEM observations. On the other hand, surface energies of other
surfaces, such as, {001} and {102} did not decrease with the incorporation of H atoms,
suggesting that these surfaces do not form strong bonds with H atoms. We further note that
although initial structures contained hydrogen atoms near oxygen atoms, during the slab
relaxation these H atoms move closer to the Al atoms to form Al-H bonds. Thus, the formation
of Al-H bonds is predicted to be critical for lowering the surface energy of {101} surfaces and
the stabilization of the γ-LiAlO2 phase under H-rich conditions.
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Figure 5.6. SEM images show the perfect bipyramid shaped particles faceted (101) surfaces are
completing by filled with small particles along with (110) faces. The (101) surfaces are confirmed
from TEM analysis.

The SEM images (Figure 5.6) support that γ-LiAlO2 particles exhibit a truncated
octahedral morphology with {101} and {110} planes. The {110} surface has roughness possibly
due to nucleation and growth of smaller crystallites on the surface whereas the {101} surface
remains smooth, indicating that the {101} plane would be filled with smaller particles having
higher surface energy to grow the particles with a perfect octahedral morphology with {101}
surface having lowest surface energy in hydrogen containing atmospheres. These observations
could be understood based on the DFT results present in Figure 5.5. Assuming H-rich conditions,
the two lowest-energy surface planes were found to be {101} and {110}. Thus, {110} surfaces
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being higher in energy than the {101} family of surfaces should lead to the growth into the
{101} surfaces, as shown in Figure 5.5. This result indicates that the surface energy of the {101}
plane is lower than that of the {110} plane. As the crystal growth rate of a high-energy plane is
faster than that of a low-energy plane, the high-energy planes have the tendency to disappear
during growth and the surface of the grown crystal will be dominated by low-energy planes. As a
consequence, the {101} particles are in thermodynamic equilibrium for γ-LiAlO2 materials when
under H2 conditions for a sufficient period of time.
5.4.3 Phase transformation
Table 5.2 represents the results for DFT computed surface energies of different
orientations of α-LiAlO2. (104) and (001) surfaces were found to have relatively small free
surface energies. In order to understand how exposure to different conditions could lead to the
formation of the γ-LiAlO2, we studied the effect of H passivation on these surfaces as well.
Table 5.2. DFT computed free surface energies of different stoichiometric orientations of α-LiAlO2.

Facet

α-LiAlO2

(001)

1.125 J/m2

(012)

2.016 J/m2

(104)

0.900 J/m2

(110)

1.948 J/m2
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Figure 5.7. DFT computed surface energies of different stoichiometric orientations of α-LiAlO2
passivated with H.

As shown in Figure 5.7, the H-passivated surfaces were found to have the higher energies
as compared to their un-passivated (or clean) counterparts. The DFT predictions of stabilization
of the {101} surfaces in the case of the γ-LiAlO2, along with the relative increase in the energy
of the α-LiAlO2 surface under H-rich conditions provide evidence for the driving force for the
formation of γ-LiAlO2 crystals in an MCFC anode environment. Thus, the DFT surface energy
predictions provided in Figure 5.4 and 5.7 together provide a plausible explanation of the
empirically observed trend of increase in the volume fraction of γ-LiAlO2 under conditions with
increasing H concentration. Proposed the phase transformation from α-LiAlO2 to γ-LiAlO2 with
crystal growth is shown in Figure 5.8.
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Figure 5.8. Proposed mechanism of transformation from α-LiAlO2 to γ-LiAlO2 with crystal growth.

5.4.4 Surface structure and morphology of α-LiAlO2
While the above results help understand the crystal shape and the cause of formation of
the γ-LiAlO2 based on surface energetics, next we focus on the crystal shape of the as-deposited
α-LiAlO2.

Figure 5.9. Surface geometries of (001) surface. Green: Li, blue: Al, red: O.

The surface energy is an indication of the relative stability of different facets and
terminations. Table 5.2 showed that the (104) surface is found to be the lowest surface energy
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among all the investigated surfaces of α-LiAlO2. This surface is less sensitive to changes in the O
and Li chemical potentials as each layer of the (104) surface contains a stoichiometric amount of
each component. The (001) surface, which is the second most stable, is terminated at lithium ions
as shown in Figure 5.9. The stoichiometric ratio is achieved with half a monolayer of lithium on
the surface. The (001) surface, thus, is sensitive to changes in the Li chemical potential.

Figure 5.10. (a) One monolayer of oxygen coverage and (b) half a monolayer of oxygen coverage of
the (012) surface of α-LiAlO2

The (012) surface consists of alternating planes of cations and oxygen ions as shown in
Figure 5.10. There are two possible terminations for a dipole-free model of the slab; either a
partially unoccupied, cation-terminated layer, or a partially oxygen-terminated surface. The
cation-terminated surface is found to be unstable [27]. Thus, an oxygen-terminated surface is
studied. The stoichiometric ratio is achieved with half a monolayer of oxygen on the surface. The
partial coverage of oxygen makes the (012) surface sensitive to changes in the oxygen chemical
potential.
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Figure 5.11. DFT computed surface energy of (a) (012) as a function of the O chemical potential and
(b) (001) as function of Li chemical potential of α-LiAlO2. The crystal particle shape from the Wulff
contruction is shown at select conditions indicated by the dotted lines.

Figure 5.11a shows the relationship between the surface energy and the oxygen chemical
potential for four different oxygen coverage values on the (012) surface. The surface with a full
monolayer of oxygen is favored in an oxygen-rich environment. Note that the (001) surface
appears in the all various oxygen chemical potential at a nearly constant proportion, which is
covered by half a monolayer of lithium. However, this surface is sensitive to changes in the Li
chemical potential as shown in Figure 5.11b. With increasing Li chemical potential, the
monolayer Li coverage on the surface is predominant. Excellent agreement with experimental
results was obtained under the high O and Li chemical potential conditions. The LiAlO2 powder

116

was synthesized using Al(OH)3 and Li2CO3precursors. Uniformly dispersed mixtures were
subsequently dried at 110 ºC and calcined at 600-800 ºC for 24 h in ambient stagnant air. The asprepared the α-LiAlO2 powder closely examined by SEM and TEM analysis as displayed in
Figure 5.12.

Figure 5.12. As-prepared α-LiAlO2 crystals observed by (a) SEM and (b-c) TEM images. Insert in
(c) is corresponding FFT pattern showing α-LiAlO2 axis direction [110]. (d) Predicted Wulff shape
based on TEM images.

The HRTEM images (Figure 5.12c) clearly show two sets of fringes with lattice spacing
of 4.7 and 2.0 Å observed, corresponding to the {003} and {114} planes of α-LiAlO2,
respectively. The HRTEM images and corresponding Fast Fourier Transform (FFT) patterns
indicate that the interfacial angle between {003} and {114} is calculated to be 124º, which
matched quite well with predicted shape in TEM image (Figure 5.12 b) and Wulff construction
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(Figure 5.12 d). This result shows the as-prepared α-LiAlO2 crystals matches well with the
theoretical calculations with high O and Li chemical potential conditions.
5.5

Conclusions
We studied the phase transformation and associated changes in the crystal shape and

morphology of LiAlO2 under conditions relevant to fuel cells exposure atmospheres , using a
combined empirical and theoretical approach. While diffraction studies (XRD, SEM and TEM)
helped us characterize and analyze the phase transformation, crystal shape, its growth and
morphology, the surface energetics computed using first-principles based theoretical approach
helped us to explain some of the trends observed. Particularly, the DFT-predicted crystal shape
and its growth dynamics matched well with the experimental observations for the case of γLiAlO2. The DFT computations also hinted at the formation of the Al-H bonds in the case of γLiAlO2 as the thermodynamic driving force for the phase transformation of α-LiAlO2 to γLiAlO2.
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CHAPTER 6.

CONCLUSIONS AND FUTURE WORK

Fuel cell technology is one of the most promising alternatives for the conversion of
chemical energy to electrical energy with high efficiency and environmental friendliness. Molten
carbonate fuel cells (MCFCs) operate at high temperature (~650ºC) and are suitable for
distributed power generation with high electrical conversion efficiency, fuel flexible operation
and combined heat and power (CHP) productions. Currently, there is a significant interest in
research and optimization of fuel cell systems to improve long term performance, stability, and
reliability at reduced cost. Although 40,000 – 50,000 hrs of operation have been demonstrated
with MW class MCFCs, further enhancements in operating life time and cell performance
stability are considered important for accelerating large scale commercialization and global
market penetration. Towards that end, the porous electrolyte matrix, which acts as an electrolyte
retainer, has been considered as one of the most critical stack component impacting cell life and
performance.
Lithium aluminate (LiAlO2) has been commonly used as an electrolyte matrix support
material in MCFCs. During the prolonged operation of the fuel cells, LiAlO2 can co-exist in two
crystalline structural forms such as α-LiAlO2 and γ-LiAlO2 based on chemical and
environmental exposure conditions. The phase transformation phenomena and resulting growth
of the particles have been attributed to long-term detrimental changes in the pore size distribution
of the matrix causing electrochemical performance degradation of the cell. To prevent such
performance degradation, it is of interest and importance to develop fundamental understanding
on how gas environment, temperature, and solubility of the matrix material in the molten
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electrolyte influences the particle coarsening, phase transformation, crystal shape of LiAlO2
crystals.
The stability of LiAlO2 powder has been studied in simulated fuel and oxidant gas
atmospheres of MCFC to study solid-gas interactions at the bulk crystal structure and surface
compositional stability of LiAlO2. As prepared α-LiAlO2 samples contains a minor fraction of
LiAl2(OH)7·2H2O and LiAlO20.25H2O phases. Under reducing atmospheres at 700ºC,
LiAl2(OH)7·2H2O decomposes to γ-LiAlO2 and LiAlO20.25H2O to α-LiAlO2. Bulk and the
surface analysis of the -LiAlO2 powder shows Li-deficiency exists on the surface and becomes
more deficient upon treatment in the reducing atmosphere. The binding energy of Al 2p peak
also changes in the high-temperature reducing and oxidizing environments, indicating the
presence and co-existence of different oxidation states of Al species on the surface. The color of
LiAlO2 powder, examined visually, changed from white to gray after reduction and back to white
after oxidation, indicating the likelihood of generation of non-stoichiometry under reducing
atmosphere. The sample with less crystalline cationic mixing shows improved structural stability.
Therefore, the presence of hydrated oxide phases LiAl2(OH)7·2H2O and LiAlO20.25H2O,
crystalline water, and Li/Al ratio influences the stability during exposure to elevated
temperatures.
To fully understand the LiALO2 under MCFC environments, further investigation in the
presence of electrolyte has been conducted. The stability of LiAlO2 has been studied in Li2CO3Na2CO3 electrolyte under accelerated conditions in reducing and oxidizing gas atmospheres at
temperatures of 650 and 750 °C for up to 500 hours. In lower PCO2 and PO2 atmospheres, rapid
transformation of α-LiAlO2 to γ-LiAlO2 phase and particle coarsening occurs with increase in
temperature. Spherical LiAlO2 particles were transformed to coarsened pyramid-shape particles
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in 4% H2-3% H2O-N2 and 100% N2 (~10 ppm PO2) atmospheres. Large pyramid shape particles
confirm the presence of γ-LiAlO2. Under CO2-rich atmospheres (4% H2-30% CO2-N2 and 70%
air-30% CO2), no reversible phase transformation proceeds and the crystalline phase of α-LiAlO2
remains stable with increasing temperature and time.
The solubility of α-LiAlO2 in the eutectic binary carbonate melt 52Li2CO3:48Na2CO3
(mol. %) as a function of PCO2 in hydrogen containing reducing atmospheres has been also
conducted to understand the mechanism of particle coarsening and phase transformation of
LiAlO2 in molten carbonate. The crystal growth of LiAlO2 accelerated under basic conditions
representing lower PCO2 by Ostwald Ripening, where dissolved nucleation contributes to
continuous precipitation on larger particles to grow larger. The process is accompanied by the
phase transformation from rhombohedral LiAlO2 to tetragonal LiAlO2 through intermediate
phase of orthorhombic Li5AlO4. Under basic conditions representing lower PCO2 atmosphere,
oriented attachment allows crystals to grow by atomic rearrangement until the crystallographic
orientation of two or more crystals match or until a twin match.
Combined experimental and theoretical studies are also conducted to study surface
structure and morphology of LiAlO2 crystals. Electron microscopy analysis reveals that the
morphology of γ-LiAlO2 has bipyramid shape with predominated (101) surfaces. The surface
energetics computed using first-principles reveal the stabilization of {101} surfaces of the γLiAlO2 under hydrogen-rich conditions, resulting in the octahedral shape. Moreover, the
significant increase in the surface energies of the α-LiAlO2, which are predominated surfaces, i.e.
(001), (012) and (104), upon introduction of H atoms could provide driving force for the
formation of γ-LiAlO2 crystals.
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This Ph.D. dissertation work is focused on the development of mechanistic understanding
of LiAlO2 stability in molten carbonate fuel cell. The successful application of the rules of
crystal growth and phase transformation provides a new approach to examine and select
materials for the electrolyte matrix in molten carbonate fuel cell system. Furthermore, it is
envisioned that the new insight into the structural and chemical stability of layered α-LiAlO2 and
tetragonal γ-LiAlO2 will assist in the development of a new class of cathode material in
rechargeable batteries, a substrate material for epitaxial growth of III-V semiconductors, and a
tritium-breeder material for fusion reactors applications.
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